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PREFACE 


We have endeavoured in the present work to combine some of 
the modein developments of Higher Algebra with the subjects 
usually included in works on the Theory of Equations. Of the two 
volumes into which tlis work is now divided the first eleven Chapters 
of Vol. I contain all the propositions ordinarily found in elementary 
treatises on the subject. In these Chapters we have not hesitated to 
employ the more modern notation wherever it appeared that greater 
simplicity or comprehensiveness could be thereby obtained. We have 
thought it desirable also to add at the close of this volume a short 
Chapter on Complex Numbers and the Complex Variable. 

Regarding the algebraical and the numerical solution of 
equations as essentially distinct problems, we have purposely omit- 
ted in Chap. VI numerical examples in illustration of the modes of 
solution there given of the cubic and biquadratic equations. Such 
examples do not render clearer the conception of an algebraical- 
solution ; and, for practical purposes, the algebraical formula may 
be regarded as almost useless in the case of equations of a degree 
higher than the second. 

In the treatment of Elimination and Linear Transformation, 
as well as in the more advanced treatment of Symmetric Functions, 
a knowledge of Determinants is indispensable. We have found it 
necessary, therefore, to give, at the opening of the second volume, 
which contains the subjects included under the title of Modern 
Higher Algebra, a Chapter on Determinants. It has been our aim to 
make this Chapter as simple and intelligible as possible to the begin- 
ner; and at the same time to omit no proposition which might be 
found useful in the application of this calculus. For many of the 
examples in this Chapter, as well as in other parts of the work, we 
are indebted to kindness of Mr. Cathcart, Fellow of Trinity 
College. 
We have approached the consideration of the Covariants and 
Invariants through the medium of the functions of the differences of 
the roots of equations. This appears to be the simplest and most 
attractive mode of presenting the subject to beginners, and has the 
advantage, as will be seen, of enabling us to express irrational co- 
variants rationally in terms of the roots. We have attempted at the 
same time to show how this mode of treatment may be brought into 
harmony with the more general problem of tke linear transformation 
of algebraic forms. 

On the works which have afforded us assistance in the more 
elementary part of the subject, we wish to mention particularly the 
Traité d’Algebre of M. Bertrand, and the writings of the late Pro- 
fessor Young of Belfast, which have contributed so much to extend 
and cimplify the analysis and solution of numerical equations. 
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In the more advanced portions of tho subjeot wo are indebted 
mainly, among published works, to the Lessons Introductory to the 
Modern Higher Algebra of Dr. Salmon, and the Théorie der binaren 
algebraischen Formen of Clebsch ; and in some degree to the Théorie 
des Formes binaires of the Chev. F. Faa’ De Bruno. We must record 
also our obligation in this department of the subject to Mr. Michael 
Roberts, from whose papers in tho Quarterly Journal and other 
periodicals, and from whose professorial lectures in the University 
of Dublin, very great assistance has been derived. Many of the 
examples also are taken from Papers set by him at the University 
Examinations. 


In connection with various parts of the subject several other 
works have been consulted, among which may be mentioned the 
treatises on Algebra by Serret, Meyer Hirsch and Rubini, and papers 
in the mathematical journals by Boole, Cayley, Hermite, and 
Sylvester. ; 


We have added also in this and preceding edition to what 
was contained in the earlier editions of this work, a new Chapter 
onthe Theory of Substitutions and Groups. Our aim has been to 
give here, within as narrow limits as possible, an account of the sub- 
ject which may be found useful by students as an introduction to 
those fuller and more systematic works which are specially devoted 
to this department of Algebra. The works which have afforded us 
most assistance in the preparation of this Chapter are—Seriot’s 
Cours d’ Algebre supérieure ; Traité des Substitutions et des Equations 
algébrigues by M. Camilo Jordan (Paris 1870) ; Netto’s Substitution- 
entheorte und ihre Anwendung auf die Algebra (Leipzig, 1882), of 
which there is an English translation by F.N. Cole (Ann. Arbor, 
Mich., 1892) ; and Lecons sur la Résolution algébrique des Equations, 
by M. H. Vogt (Paris, 1895). 

Trinity COLLEGE DUBLIN, W.S.B. 


May, 1904. 


PREFACE TO SEVENTH EDITION OF VOLUME I 


Havino been deprived of Dr. Panton’s co-operation, I have 
thouglit it inadvisable to make any change in this volumo by the 
introduction of new mater, as I wished as far as possible to preserve 
the original design, and also the limits fixed for this volume as 
indicated in the Preface to previous editions. In coming to this 
decision I have been influenced to a great degree by the favourable 
eception already given to this work. 

„June 18th, 1912. W.S.B. 
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THEORY OF EQUATIONS 
INTRODUCTION 


1. Definitions. Any mathematical expression involving n 
quantity is called a function of that quantity. 

We shall be employed mainly with such algebraical functions 
as are rational and integral. By a rational function of a quantity is 
meant one which contains thai quantity in a rational form only; that 
is, a form free from fractional indices or radical signs. By an integral 
function of a quantity is meant one in which the quantity enters in 
an integral form only ; that is, never in the denominator of a frac- 
tion. The following expression, for example, in which n is a positive 
integer, is a rational and integral algebraical function of z :— 

ax" -+-be"-1-4 cx"? +... +khe+l 

It is to be observed that this definition has reference to tho 
quantity x only, of which the expression is regarded as a function. 
The several co-efficients a, b, c, etc., may be irrational or fractional, 
and the function still remains rational and integral in x. 

A function of x is represented for brevity by F(z), f(z), 9(z), or 
some such symbol. 

The name polynomial is given to the algebraical function to 
express the fact that it is constituted of a number of terms containing 
different powers of x connected by the signs plus or minus. For 
certain values of x regarded as variable one polynomial may become 
equal to another differently constituted. The algebraical expression 
of such a relation is called an equation ; and any value of x which 
satisfies this equation is called a root of the equation. The determi- 
nation of all possible roots constitutes the complete solution of the 
equation. 

It is obvious that, by bringing all the terms to one side, we may 
arrange any equation according to descending powers of x in the 
following manner :— x 

agtn +a at" -H ... + Oy, %+4,=0, 
The highest power of x in this equation being n, it is said to be an 
equation of the «'* degree in x. For such an equation we shall, in 
general, employ the form here written. The suffix attached to the 
letter a indicates the power of x which each co-efficient accompanies, 
the sêm of the exponent of x and the suffix of a being equal to n for 
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each term. An equation is not altered if all its terms be divided by 
any quantity. We may thus, if we please, dividing by a, make the 
co-efficient of z” in the above equation equal to unity. It will often 
be found convenient to make this supposition ; and in such cases the 
equation will be written in the form s 

ang pian- pgm? + s... +Pn-1% + Pn=0. 

An equation is said to be complete when it contains terms in- 
volving x in all its powers from % to 0, and incompléte when some of 
the terms are absent; or, in other words, when some of the co- 
efficients Pi, Pa etc., are equal to zero. The term Pa, Which dves 
not contain 2, is called the absolute term. An equation is numerical 
or algebraical according as its co-efficients are numbers or algebraical 
symbols. s 

2. Numerical and Algebraical Equations. In many re- 
searches in both mathematical and physical science the final mathe- 
matical problem presents itself in the form of an equation on whose 
solution that of the problem depends. It is natural, therefore, that 
the attention of mathematicians should have been at an early stage 
in the history of the science directed towards inguiries of this nature, 
The science of the Theory of Equations, as it now stands, has grown 
out of successive attempts of mathematicians to discover general 
methods for the solution of equations of any degree. When the co- 
efficients of an equation are given numbers, the problem is to 
dctermine a numerical value or perhaps several different numerical 
values, which will satisfy the equation. In this branch of the science 
very great progress has, been made ; and the best methods hitherto 
advanced for the discovery, either exactly or approximately, of the 
numerical values of the roots will be explained in their proper places 
in this work. 

Equal progress has not been made in the general solution of 
equations whose ¢o-efficients are algebraical symbols. The student 
is aware that the root of an equation of the second degree, whose 
co-efficients are such symbols, may be expressed in terms of these 
co-efficients in a general formula ; and that the numerical roots of 
any particular numerical equation may be obtained by substituting 
in this formula the particular numbers for the symbols. It was 
natural to inquire whether it was possible to discover any such for- 
mula for the solution of equations of higher degrees. Such results 
have been attained in the case of equations of the third and fourth 
degrees. It will be shown that in certain cases these formulas fail 
to supply the solution of a numerical equation by substitution of the 
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numerical co-efficients for the general symbols, and are, therefore, in 
this respect inferior to the corresponding algebraic] solution of the. 
quadratic. 

Many attempts have been made to arrive at similar general 
formulas for equations of the fifth and higher degrees ; but it may 
now be regarded as established by the researches of modern analysis 
that it is not possible by means of radical signs, and other signs of 
operation employed in common algebra, to express the root of an 
equation of the fifth or any higher degree in terms of the co-efficients. 

3. Polynomials. From the preceding observations it is plain 
that one important object of the science of the Theory of Equations 
is the discovery of those values of the quantity x regarded as variable 
which give to the polynomial f(x) the particular value zero. In 
attempting to discover such values of x, we shall be led into many 
inquiries concerning the values assumed by the polynomial for other 
values of the variable. We shall, in fact, see in the next chapter that, 
corresponding to a continuous series of values of x varying from an 
infinitely great negative quantity (—co) to an infinitely great positive 
quantity (+0), f(z) will assume also values continuously varying. 
The study of such variations is a very important part of the theory 
of polynomials. The general solution of numerical equations is, in 
fact, a tentative process ; and by examining the values assumed by 
the polynomial for certain arbitrarily assumed values of the variable, 
we shall be led, if not to the root itself, at least to an indication of 
the neighbourhood in which it exists, and within which our further 
approximation must be carried on. 

A polynomial is sometimes called a quantic. It is convenient 


_ to have distinct names for the quantics of various. successive degrees. 


The terms quadratic (or quadric), cubic, biquadratic (or quartic), quintic, 
seatic otc., are used to represent quantics of the 2nd, 3rd, 4th, 5th, 
6th, ete., EE ; and the equations obtained by equating these 
quantics to zero are called quadratic, cubic, biquadratic, etc., equa- 
tions, respectively. 


CHAPTER I 
GENERAL PROPERTIZS OF POLYNOMIALS 


4. In tracing the changes of values of a polynomial correspond- 
ing to changes in the variable, we shall first inquire what terms in the 
polynomial are most important when values very great or very small 
are assigned to x, This inquiry will form the subject to the present 
and succeeding Articles. : 

Writing the polynomial in the form 

yg | 1 ages i w T 

gt" +3, ate a gateet en git, = 
it is plain that its value tends to become equal to ac" as x tends 
towards co. The following theorem will determine a quantity such 
that the substitution of this, or of any greater quantity, for æ will 
have the effect of making the term a,x" exceed the sum of all the 
others, In what follows we suppose a, to be positive ; and in general 
in the treatment of polynomials and equations the highest term is 
supposed to be written with the positive sign. 

Theorem. If in the polynomial 

aye" +-a,x"-1+-a,2" 241g }T4 On 
the value a +1, or any greater value, be substituted for x, where a, 18 
0 


that one of the co-efficients ay, dg,..., I Whose numerical value ts greatest, 
irrespective of sign, the term containing the highest power of x will 
exceed the sum of all the terms which follow. 
The inequality 

a" > ax") at" H.i Hant Aan 
is satisfied by any value of x which makes 

ý aa” >a,(x"-}--ar-2+...4+-2+41), 
where a, is the greatest among the co-effipients d}, a,..-, An-1s On 
without regard to sign. Summing the geometric series within the 
brackets, we have 

a, 

a,(z—1 
which is satisfied if ag(r—1) be > or =4,, 


az" >a ea) in > (a —1) 
k gl’ ) $ 
2 a, 
that is z> o =.* +l. 
o 


Is 
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The theorem here proved is useful iu supplying, when the co- 
efficients of the polynomial are given numbers, a number such that 
when z receives values nearer to -+-co, the polynomial will preserve 
constantly a positive sign. If we change the sign of x, the first term 
will retain its sign if n be even, and will become negative if n be odd; 
so that the thcorem also supplies a negative value of æ, such that for 
any value nearer to —co the polynomial will retain constantly a 
positive sign ifn be even, and a negative sign if n be odd. The 
constitution of the polynomial is, in general, such that limits much 
nearer to zero than those here arrived at can be found beyond which 
the function preserves the same sign ; for in the above proof we have 
taken the most unfavourable case, viz., that in which all the co- 
efficients except the first are negative, and each equal to a, ; whereas 
in general the co-efficients may be positive, negative, or zero. Several 
theorems, having for their object the discovery of such closer limits, 
will be given in a subsequent chapter. 

5. We now proceed to inquire what is the most important term 
in a polynomial when the value of z is indefinitely diminished ; and to 
determine a quantity such that the substitution of this, or of any 
smaller quantity, for x will have the effect of giving such term the 
preponderance. 

Theorem. If in the polynomial 

age" +a," e+ Ont Tn 
the value ae or any smaller value, be substituted for x, where a, is 
the greatest co-efficient exclusive of an, the term an will be numerically 
greater than the sum of all the others. 


To prove this, let z=; ; then by the theorem of Art. 4, a, 
being now the greatest among the co-efficients ao, @,..-,@n—1, Without 


regard to sign, the value 1t], or any greater value of y, will 


an 
make 
ad Ni ce aa Ui 
that is, An >On-1 y Han- at erase +d yji ‘ 
hence the value- {nor any less value of x, fill make 
An +g 


Ag >Aq-yT Hangt +... f+ Agr". 
This propégition is often stated in a different manner, as 
follows :—Values so small may be assigned to xas to make the po'y- 
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Gn-1U+-On 92" +... Hag” 
less than any assigned quantity. 

This statement of the theorem follows at once from the above 
proof, since a, may be taken to be the assigned quantity. 

There is also another useful statement of the theorem, as 
follows :—When the variable x receives a very small value, the sign of 
the polynomial 

an-an t+.. Hagar" 
is the same as the sign of its first term ap_;X. 

This appears by writing the expression in the form 

Tän- tant H.. H4") ; 
for when a value sufficiently smali is given to x, the numerical value 
of the term dn, exceeds the sum of the other terms of the expression 
within the brackets, and the sign of that expression will consequently 
depend on the sign of ay_y. 

6. Change of Form of a Polynoraial correspondirg to 
an increase or diminution of the Variable. Derived Functions. 
We shall now exainine the form assumed by the polynomial when 
T+A is substituted fora. If, in what follows, h be supposed essen- 
tially positive, the resulting form will correspond to an increase of 
the variable ; and the form corresponding to a diminution of x will 
be obtained from this by changing the siga of h in the result. 

When = is changed to x-+-h, f(x) becomes f(x+-h), or 

a(t)" + a,(x-1-h)"-'-+-a,(7+-h)"-2-+... +-a,_,(24-h) + ay. 

Let each term of this expression be expanded by the binomial 
theorem and the result arranged according to ascending powers of h. 
We then havo 

antant ant... Hangtan Han 
Hafnagen-14-(n—1) aya-2-+-(n—2) agan- ... + 2atp_gt Fan) 
2 


$ Py (mn —1) age24-(n—1y(n—2) aan.. 42ans) 


yn 
F 1.9.3, (8 —1...2.1 ay. 


It will be observed that the part of this expression independent 
of h is f(x) (a result obvious a priori), and that the successive 
co-cfficients of the different powers of hare functions of x of degrees 
diminishing by unity. If will be further observed that the co-efficient 
of h may be derived from f(x) in the following manner :—Let each 
term in f(z) be multiplied by the exponent of x in thet term, and let 
the exponent of z in the term be diminished by unity, the sign being 


, } 
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retained ; the sum of all the terms of f(x) treated in this way wiil 
constitute a polynomial of dimensiops one degres lower than those 
of f(x). This polynomial is called the first derived function of f(x). 
It is usual to represent this function by the notation f'(z). The 
he 
iz may be derived from f'(x), by a process the same 
as that employed in deriving f'(x) from f(x), or by the operation 
twice performed on f(x). This co-efficient is represented by /*(*), 
and is called the second derived function of f(x). In like manner the 
succeeding co-efficients may all be derived by successive operations of 
this character ; so that, employing the notation here indicated, we 
may write the result as follows :— ; 
f(e+hy=f(z)+ pen iy j et h34... Hagh". 

It may be observed that, since the interchange of xand h does 

not alter f(x-+h), the expansion may also be written in the form 
a m h "t h 
feepmasoys sya LO) ary FM, than 

We shall in general employ the notation here explained ; but 
on certain occasions when it is necessary to deai with derived func- 
tions beyond the first two or three, it will be found more convenient 
to use suffixes instead of the accents here employed. The expansion 
will then be written as follows :— 


f+ =f +SEE) ttre 


Example 
Find the result of substituting x+} for x in the polynomial 
4x94 ert Tth 


co-efficient of 


Here 
fx) =4a + 62" T244, 
f(z) =122*+ 122-7, 
f(x) = 24x +-12,. 
#"(e) = 24 | 
and the result is 
423 pota 4-44-(122?-+122—T)h-+ (242 +12)” 5 +24 or 
Tho student may verify this result by direct suystitution, 
7. Continuity of a Rational Integral Function of x. If in 
a rational and integral function f(z) the valud of x be made to vary, 
by indefinitely small increments, from one quantity a to a greater 
quantity b, we proceed to prove that f(z) at the same time varies 
also by indefinitely small increments ; in other words, that f(x) varies 
continuously with x 
e 
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Let x be increased from a to a+h. The corresponding incre 
ment of f(x) is 
S(a+h)—f(@) ; 
and this is equal, by Art. 6, to 


PMS (A) Pg baah, 


in which expression all the co-efficients f'(a), f"(a), etc., are finite 
quantities. Now, by the theorem of Art. 5, this latter expression 
may, by taking 4 small enough, be made to assume a value less than 
any assigned quantity ; so that the difference between f(a+-h) and 
f(a) may be made as small as we please, and will ultimately vanish 
with A. The same is true during all stages of the variation of z from 
a to b ; thus the continuity of the function f(x) is established. 

It is to be observed that it is not here proved that f(x) increases 
continuously from f(a) to f(b). It may either increase or diminish. 
or at one time increase, and at another diminish ; but the above 
proof shows that it cannot pass per saltum from one value to another ; 
and that, consequently, amongst the values assumed by f(x) while æ 
increases continuously from a to 6 must be included all values bet- 
ween f(a) and f(b). The sign of f'(a) will determine whether f(x) is 
increasing or diminishing ; for it appears by Art. 5 that when h is 
small enough the sign of the total increment will depend oa that of 
f'(@h. We thus observe that when f'(a) is positive f(x) is increasing 
with x ; and when f'(a) is negative f(x) is diminishing as x increases. 

8. Form of the Quotient and Remainder when a Poly- 
nomial is divided by a Binomial. Let the quotient, when 

agta- tat-t Hantta 
is divided by z—h, be 
bitb nt... by ott bni 

This we shall represent by Q, and the remainder by R. We 
have then the following equation :— 

f(x) =(a@—h)Q+R. 

The meaning of this equation is, that when Q is multiplied by 
x—h, and R added, the result must be identical, term for term, with 
f(z). In order to distinguish equations of the kind here explained 
from equations which ave not identities, it will often be found 
convenient to use the symbol here employed in place of the usual 
symbol of equality. The right-hand side of the identity is 

baznd-b, Jen-1+b, Ae e 
Be ee —hbn_-g) —hby_s. 
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Equating the co-eificients of z on both sides, we get the follow- 
ing series of equations to determine bg, by, b3,...--- sba- R:— 
bo =a, 
b =bAt+ey, 
b, =bh+a,, 
"s =b,ħ+ as, 
by-y=On-gh+4n-15 
R =by_yh+an. 
These equations supply a ready method of calculating in succes- 
sion the co-efficients b,, by, ete. of the quotient, and the remainder R. 
For this purpose, we write the series of operations in the following 
manner :— 


Qo, a, a, Gg 2s oe Annis An, 
boh, bih, bah.. .. bn- bash 
bis Bay, E E . 


In the first line are written down the successive co-efficients 
of f(z).’ The first term in the second line is obtained by multiplying 
a (or bo, which is equal to it) by A.. The product boh is placed 
under a,, and then added to it in order to obtain the term b, in the 
third line. This term, when obtained, is multiplied in its turn by h, 
and placed under a,. The product is added to a, to obtain the second 
figure b, in the third line. Tho repetition of this process furnishes 
in succession all the co-efficients of the quotient, the last figure 
thus obtained being the remainder. A few examples will make 
this plain. 

. Examples 
1. Find the quotient and remainder when Sz+—529+10z*+1l2—61 iv 
divided by z—3. 
The calculation is arranged as follows :— 
3 -5 10 11 —ôl. 
9 12 66 231. 
o e G eames A 
Thus the quotient is 3z°+42*422z2+477, and the remainder 170, 
2. Find the quotiont and remainder when 2 + 5224-3242 is divided by 
«1, [Ans, Q=2%+62+49, R=, 
3. Find Q and R when 2— 4x4 4723-4112 --13 is divided by 2--5, 
N.B.—When any term in a polynomial is absent, care must be taken to 
supply the place of its co-efficient by zero in writing d6wn the co-efficients of f(z). 
In this example, therefore, the sories in the first line will be f 
1 —4 7 0 —ll —13. 
[Ans. Qazt+ 2941222 + 60x +289 5 R=1432. 

4, Find Q and R when 2*4-327—15z*-+-2 is divided by z—2. 

[Ans, Quz 42x14 Tat 4 lAa 2824 4-56.94 112284 20024418 ; R=838, 
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5, Find Q and R when x5 4-2? —10z+113 is divided by 2 +4. 
[Ans. Q=2x'—423+ 162? — 632-4242 ; R= —855, 

9. Tabulatioa of Functions. The operation explained in 
the preceding Article affords a convenient practica! method of calcu- 
lating the numerical value of a polyi.omial whose .co-efficients are 
given numbers when any number is substituted for x. For the equa- 
tion 

f(x)=(z—h) Q+R, 

since its two members are identically equal, must be satisfied when 
any quantity whatever is substituted for x. Let «=h, then f(h)=R, 
«—h being=0, and Q remaining finite. Hence the result of substi- 
tuting h for x in f(x) is the remainder when f(x) is divided by z—h, 
and can be calculated rapidiy by the process of the last Article. 

For example, the result of substituting 3 for x in the polynomial 
of Ex. 1, Art. 8, viz., 

3at--52°+- 1027+ lla—6}, 

is 170, this being the remainder after division by z—3. The student 
can verify this by actual substitution. 

Again, the result of substituting —4 for x in 

w-+2?—10r+-113 

is —855, as appears from Ex. 5, Art. 8. We saw in Art. 7 that as z 
receives a continuous series of values increasing from —co to +00, 
f (z) will pass through a corresponding continuous serids. If we sub- 
stitute in succession for x, in a polynomial whose co-efficients are 
given numbers, a series of numbers such as 

eee hed 9,.—2) 1, 0, 1, 2, 3,.4,. 55.0005 
_ and calculate the corresponding values of f(x), the process may be 
‘called the tubulation of the function. 


Examples 
i. Tabulate the trinomial 2x*-+-x—6, for the following values of z :— 
Values of x, 


—4, —3, —2, —1, 0, 1, 2, 3, 4. 
Fiiss 
w » f2) 4 af 30 


= ee | ioc rte 0; 1 
2| əl 0 6 Acs 
2. Tabulate the polynomial 1023 —172*+ 2-4-6 for tne samo values of x. 
Values of x, --4 =a -2 -1 r 1; 2 | | 4 
» » fiz), | —910 feri SAA -22 6l o | 20! 196 | 378 
10. Graphic Representation of a Polynomial. In investi- 
gating the changes of a function f(x) consequent on, any series of 
changes in the variable which it contains, it is plain that great advant- 
age will be derived from any mode of representation which renders 
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possible a rapid comparison with one another of the different values 
which the function may assume, In the case where the function in 
question is a polynomial with numerical co-efficients, to any assumed 
value of a will correspond one definite value of f(z). We proceed to 
explain a mode of graphic representation by which it is possible to 
exhibit to the eye the several values of f(x) corresponding to the 
different values of x. 

Let two right lines OX, OY (Fig. 1) cut one another at right 
angles, and be produced indefinitely in both directions. These lines 
are called the axis of x end axis of y, 
respectively. Lines, such as OA, 
measured on the axis of x at the 
right-hand side of O, are regarded as 
positive ; end those, such as OA’, mea- 
sured at the left-hand side, as negative. 
Lines parallel to OY which are above 
XX‘ such as AP or B'Q', are positive ; 
and those below it, such as AT or A’P’ 
are negative. These conventions are al- 
ready familiar to the student acquainted 
with Trigonometry. 

Any arbitrary length may now be taken on OX as unity, ana 
any number positive or negative will be represented by a line mea- 
sured on XX’; the series of numbers increasing from 0 to +% in 
she direction OX, and diminishing from 0 to —o in the direction 
OX’. Let any rumber m be represented by OA ; calculate f(m) ; 
from A draw AP parallel to OY to represent f(m) in, magnitude on 
the same scale as that cn which OA represents m, and to represent 
by its position above or below the line OX the sign of f(m). Corres- 
ponding to the different values of m represented by 04, OB, OC, etc., 
wo shall have a series of points P, Q, R, etc., which when we suppose 
the series of values of m indefinitely increased so as to include all 
numbers between —co and +co, will trace out a continuous curved 
line. This curve will, by the distance of its several points from the 
line OX, exhibit to the eye the several values of the function fiz). 

The process here explained is.also called tracing the function fæ). 
The student acquainted with analytic geometry will observe that it 
is equivalent to tracing the plane curve whose equation is y=f(z). 

In the practical application of this method it is well to begin by 
laying dawn ihe points on the curve corresponding to certain small 
integral values of x, positive and negative. It will then in general be 
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possible to draw through these points a curve which will exhibit the 
progress of the function, and give a general idea of its character. 
The accuracy of the representation wil! of course increase with the 
number of points determined between any two given values of the 
variable. When any portion of the curve between two proposed limits 
has to be examined with care, it will often be necessary to substitute 
values of the variable separated by smaller intervals than unity. The 
following examples will illustrate these principles. 
Examples 

1. Trace the trinomial 22*+2—6. 

The unit of length taken is one-sixth of the line OD in Fig. 2. 

In Ex, 1, Art. 9, the values of f(z) are 
given corresponding to the integral values of # 
frem —4 to +4, inclusive, 

By means of these values we obtain the 
positions of nine points on the curve ; seven of 
which, A, B, C, D, E, F, G, are here represent- 
ed_ the other two corresponding to velues of f(x) 
which lie out of the limits of the figure, 

The student will find it a useful exercise 
to trace the curve more minutely between ths 
points C and E in the figure, viz,, by calculating 
the values of f(z) corresponding to the vales of 
z between — l and 1 separated by small in.-- 
vals, say of one-tenth, as is done in the follow- 

Fig. 2. ing exemple. 
2. Trace the polynomial 
10z3—1729+ +6, 

This is already tabulated in Art. 9 for values of x between —4 and 4, 

It may be observed, as an exercise on Art. 4, that this function retains 
positive values for all positive values of greater 
than 2-7, and negative values for all values of x 
nearer to — © than —2'7. The curve will, then 
if it ents the axis of zat all, cut it ata point (or 
points corresponding to some value (or valuca) of z 
between —2:7 and +42°7 ; so that if or: object is to 
determine, or appoximate to, the positions of the 
roots of the equation f(z)=0. the tabulation may 
be confined to tho interval between —2-7 and 27, 

This is a caso in which the- substitution of 
integral values oniy of æ gives very little help to- 
wards the tracing of the curva, and where, conse- 
quently, smaller intervals have to bo examined. 
We give the tabulation of the function for inter- 
vals of one-tenth between the integers —1, 0 ; 0.1; 
1,2. From these values the positions of the cor- 
responding points onthe curve may be approxi- 
mately ‘ascertained, and. the curve traced asi: Fig, 3. Ga 
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Values of z —l1; -9 | -8 | —7 ;—6 |-5 Be —3 |—'2 Fr 
«nT aa _108| -6-46|-2-88| 0 [2-24 ! 39 (s04 15-72 

Values of z 0 | 2 3 a 5 Ni a4 8 | 9 
= AA 6 9| 56. et 4:32 | 3-5 [2-64 | 1:8 irs 

Values of 2 o ri us r3: 14 1-6 | 1-7 | 18 i 2 
» »fiz) dl ad 0, sa! 152| 3 | cal 7-7 |11-04,15°12| 20 


The curve traced in Ex. 1 cuts the axis of x in two points (a 
number equal to the degree of the polynomial) : ir othe= words, 
there are two values of x for which the value of the given polynomial 
is zero ; these are the roots of the equation 2x2+2—6=0, viz., —2, 
and 1-5. Similarly, the curve traced in Ex. 2 cuts the axis in three 
points, viz. the points corresponding to the roots of the cubic equation 
102z3—1722—2z+6=0. The curve representing a given polynomial 
may not cut the axis of z at I, or may cut it in a number of points 
less than the degree of the polynomia! Such cases correspond to 
the imaginary roots of equations, as will appear more fulty in the 
next chapter. For example, the curve which represents the poly- 
nomial 2z*+-2-+-2 will, when traced, lie entirely above the axis of x; in 
fact, since this function differs from the function of Ex. 1, only by the 
addition of the constant quantity 8, each value of f(x) is obtained 
by adding 8 to the previously calculated value, and the entire curve 
can be obtained by simply supposing the previously traced curve to 
be moved up parallel to the axis of y through a distance equal to 8 of 
the units. It is evident, by the solution of the equation 2z*+4-2+-2=0, 
that the two values of which render the polynomial zero are in this 
case imaginary. Whenever the number of points in which the curve 
cuts the axis of x falls short of the degree of the polynomial, it is 
customary to speak of the curve às cutting the line in imaginary 
points. 

11. Maximum and Minimum Values of Polynomials. It 
is apparent from the considerations established in the preceding 
‘Articles, that as the variable x changes from —co to +99, the fune- 
tion f(x) ,may undergo. mariy variations. It may go on fer a certain 
period increasing, and then, ceasing to increase, may commence to di- 
minish ; it may then cease to diminish dnd commence again to in- 
crease ; after which another period of diminution may arrive, or the 
function may (as in the last example of the preceding Art.) go on 
then continually increasing. At a stage where the function ceases to 
increase and commences to diminish, it -is said to have attained a 
maximum value ; and when it ceases to diminish and commences to 
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increase, it is said to have attained a minimum value. A polynomia} 
may have several such values ; the number depending in general 
on the degree of the function. Nothing exhibits so well as a graphic 
representation the occurrence of such a maximum or minimum value ; 
as well as the various fluctuations of which the values of a polynomial 
are susceptible. 

A knowledge of the maximum and minimum values of a func- 
tion, giving the positions of the points where the curve bends with 
reference to the axis is often of great assistance in tracing the curve 
corresponding to a given polynomial. It will be shown in a subse- 
quent chapter that the determination of these points depends on the 
solution of an equation one degree lower than that of the given 
function. . 
It is easy to show that maxima and minima occur alternately ; 
for, as the variable increases from a value corresponding to one maxi- 
mum to the value corresponding to a second, the function begins by 
diminishing and ends by increasing, and, therefore, attains a minimum 
at some intermediate stage. In like manner it appears that between 
two minima one maximum must exist. 


CHAPTER II 
GENERAL PROPERTIES OF EQUATIONS 


12. The process of tracing the function f(z) explained in Ait. 
10 may be employed for the purpose of ascertaining approximately 
the real roots of a given numerical equation ; for when the corres- 
ponding curve is accurately traced, the real roots of the equation 
f(z)=0 can be obtained approximately by measuring the distances 
from the origin of its points of intersection with the axis. With a 
view to the more accurate numerical solution of this problem, as well 
as the general discussion of equations of both numerical and algebrai- 
cal, we proceed to establish in the present chapter the most im- 
portant general properties of equations having reference to the 
existence and number of the roots, and the distinction between real 
and imaginary roots. 

By the aid of the following theorem the existence of a real root 
in an equation may often be established :— 

Theorem. If two real quantiiies a and b be substituted for the 
unknown quantity x in any polynomial f(x), and if they furnish results 
having different signs, one plus and the other minus ; then the equation 
f(x)=0 must have at least one real root intermediate in value between a 
and b. 

This theorem is en immediate consequence of the property 
of the continuity of the function f(x) established in Art. 7; for 
since f(x) changes continuously from f(a) to f(b), and, therefore, passes 
through all of the intermediate values, while x changes from a to b ; 
and since one of these quantities, f(a) or f(b), is positive, and the 
other negative, it follows that for some value of x intermediate 
between a and b, f(z) must attain the value zero which is intermedi- 
ate between f(a) and f(b). 

The student will assist his conception of this theorem by refer- 
ence to the graphic method of representation. What is here proved, 
and what will appear obvious from the figure, is, that if there exist 
two points of the curved line representing the polynomial on opposite 
sides of the axis OX, then the curve joining these points must cut that 
axis at least once. It will also be evident from the figure that several 
values may exist between a and b for which f(z)=0 i.e., for which 
the curve cuts the axis. Fi- example, in Fig. 3, Art. 10, 7=—2 gives 
a negative value (—144), and z=2 gives a positive value (20), and 
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between these points of the curve there exist three points of section 
of the axis of x. 

Corollary. If there exist no real quantity which, substituted for 
z, makes f(x)=0, then f(x) must be positive for every real value of x. 

For it is evident (Art. 4) that x=co makes f(x) positive; and 
no value of x, therefore, can make it negative ; for if there were any 
such value the equation would by the theorem of this Article have a 
real root, which is contrary to our present hypothesis. With reference 
to the graphic mode of representation this theorem may be expressed 
by saying that when the equation f(z)=0 has no real root, the curve 
representing the polynomial f(x) must lio entirely above the axis of z. 

13, Theorem. Every equation of an odd degree has at least 
one real rooi of a sign opposite to that of its last term. 

This is an immediate consequence of the theorem in the last 
Article. Substitute in succession —co, 0, co for x in the polynomial 
f(x). The results are, n being odd (see Art. 4), 

for = —oo, f(x) is negative + 

» 2=0, sign of f(x) is the same as that of a, ; 

» 2=-+00, f(x) is positive. 
If a, is positive, the equation must have a real root between —co and 
0, i.e., a real negative root ; and if a, is negative, the equation must 
have a root between 0 and co, i.e., a real positive root. The theorem 
is, therefore, proved. 

14, Theorem.: Every equation of an even degree, whose last term 
is negative, has at least two real roots, one positive and the other negative. 

The results of substituting —co, 0, co are in this case 

=, +, 


+2, +, 
hence there is a real root between —oo and 0, and another between 0 
and -+c i.e., there exist at least one real negative, and ono real 
positive root. 

We have contented ourselves in both this and the preceding 
Articles with proving the existence of roots, and for this purpose it is 
sufficient to substitute vory large positive or negative values, as we 
have done, for x. It is of course possible to narrow the limits within 
which the roots lie by the aid of the theorem of Art. 4, and still more 
by the aid of the theorems respecting the limits of the roots to bé 
given in a subsequent chapter, 

15. Existence of a Root in the General Equation. Imagi- 
nary Roots. We have now proved the existence of a real root 
in the case of every equation oxcept one of an even degree whose last 
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term is positive. Such an equation may have no real root at all. It 
is necessary then to examine whether, in the absence of real values, 
there may not be values, involving the 
imaginary expression 4/—1, which, when 
substituted for x, reduce the polynomial 
to zero ; or whether there may not be 
in certain cases both real and imaginary 
values of the variable which satisfy the 
equation. We take a simple example 
to illustrate the occurrence of such imagi- 
nary roots. As already remarked (Art. 
10), the curve corresponding to the: poly- 
nomial l 
f(x) =22*+4+2+2 
lies entirely above the axis of x, as in 
Fig. 4. The equation f(z)=0 has no real 
roots ; but it has the two imaginary roots 
1 15 —— 1 ENN 
-gt Vi geval 


as is evident by the solution of the quadratic. We observe, therefore, 
that in the absence of any real values there are in this case two ima- 
ginary expressions which reduce the polynomial to zero. 

The corresponding general proposition is, that every rational 
integral equation has a root of the form . < 
: a+Br/—1, 
a and B being real finite quantities. This statement includes both real 


„and imaginary roots, the former cbrresponding to the value p=0. 


When « and 8 are numbers, such an expression is called a complex 
number ; and what is asserted is that every numerical equation has a 
numerical root either real or complex. 

As the proof of this proposition involves principles which could 
not conveniently have been introduced hitherto, and which will pre- 
sent themselves more naturally for discussion in subsequent parts of 
the work, we defer the demonstration until these principles have 
been established. For the present, therefore, we assume tho propo- 
sition, and proceed to derive certain consequences from it. 

16. Theorem. Every equation of n dimensions has n roots, and 
no more. « ; 

We first observe that if any quantity } is a root of the equation 
Siz)=0, then f(x) is divisible by x—h without a remainder. This is 
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evident from Art. 9; for if f(h)=0, i.e., if his a root of f(x}=0, R 
must be=0. f 
Let now, the given equation be 
JEE" pyr" + pa H eH Pait H Pa =. 
This equation must have a root real, or imaginary (Art. 15), which 
we shall denote by the symbol a Let the quotient, when f(z) is 
divided by r—o, be (x) ; we have then the identical equation 
fla) = (@—a,)p(2)- 
Again, the equation 9,(2) =0, which is of n—1 dimensions, must have 
a root, which we represent by a. Let the quotient obtained by 
dividing 9,(%) by 1—4 be p(x). Hence 
qlz) =(%#— ag) palt), 

and ~. f(x) =(2—a)(@—&2) Pa); 
where q(x) is of n—2 dimensions. 

Proceeding in this manner, we prove that f(x) consists of the 
product of n factors, each containing x in the first degree, and a 
numerical factor a(x). Comparing the co-efficients of x", it is plain 
that 9,(z)=1. Thus we prove the identical equation 

flea) = (x 04) (2 — aa(2— as)». -+ (@—- ena )(%— Hn) 

It is evident that the substitution of any one of the quantities 

Oy Agrese sety On for x in the right-hand member of this equation will 
reduce that member to zero, and will, therefore, reduce f(x) to zero ; 
that is to say, the equation f(x)=0 has for roots the n quantities 
yy Ags Agree sän- %m- And it can have no other roots ; for if any 
quentity other than one of the quantities a, %,---..- , a be substituted 
in the right-hand member of the above equation, the factors will be 
all different from zero, and, therefore, the product cannot vanish. 

Corollary. Two polynomials each of the nth degree in x cannot 
be equal to one another for more than n values of x without being comple- 
tely identical. 

For if their difference be equated to zero, we obtain an equation 
of the nth degree, which can be satisfied by n values on'y of z, unless 
each co-efficient be separately equal to zero. 

The theorem of this Article, although of no assistance in the 
solution of the equation f(xz)=0, enables us to solve completely the 
converse problems, i.e, to find the equation whose roots are any ” 
given quantities. . The required equation is obtained by multiplying 
together the n simple factors formed by subtracting from x each of 
the given roots. By the aid of the ‘present theorem also, when any 
(one or more) of the roots of a given equation are known, the 
equation containing the remaining roots may be obtained. For this 
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purpose it is only necessary to divide the given equation by the 
product of the given binomial factors. The quotient will be the 
required polynomial composed of the remaining factors. 


Examples 
l. Find the equation whose roots are 
—3, —1, 4,5. [Ans 24—529—132°+532+60=0. 
2. The equation 
at —6x34- 82*—liz+10=0 
has a root 5; find the equation containing the remaining roots. 
Use the method of division of Art. 8. [Ans, 23—2*+32—2=0, 


3. Solve the equation 
at — 162 + 862*— 1762 +105—06, 
two roots being 1 and 7. {Ans. The other two roots are 3, 5. 


4, Form the equation whose roots are 


-5 3, i.  [4ns, 14a*— 23x" 60249=0. 
5, Solve the cubic equation ; 
2—l=0, 


Here it is evident that 2—1 satisfies the equation. Divite by z—1, and solve 
the resulting quadratic The two roots are found to be 


) ae Oar eae Ce 
=y tg i3, E Na 8: 


6. Form an equation with rational oo-efficients which shall have for a 

root the irrational expression 
NP +N. 
This expression has four different values according to.the different com- 
binations of the radical signs, viz., 
NP+N9, —NP—ND NP—NQ, —NP+NG 
p The required equation is, therefore, 
‘ (e— ap—Na\e+-vP + vaz- VP + V9) (e+ VP—N9) =, 
or 
(*§—p—q—2vpq)(x*—p—9+ 2vpq) =0. 
or finally, 
xt—2(p+q)2*+(p—q)'=0. 

17. Equal Roots. It must be observed that the n factors of 
which a polynomial f(z) consists need not be all different from one 
another. The factor —a, for example, may, occur in the second, or 
any higher power not superior to m. In this case the equation 
f(x) =0 is still said to have n roots, two or more being now equal to 
one another ; ax the root « is called a multiple root of the equation 
— double, triple, etc., according to the number of times the factor is 


repeated. o 
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A reference to the graphic construction in Art. 10 (Fig. 3) will 
help to explain the occurrence of multiple roots. We see by an 
inspection of the figure that the two positive roots of the equation 
10z°—172?4-2+6=0 are nearly equal, and we may conceive that 
a slight addition to the absolute term of this polynomial, which is, 
as already explained, equivalent to a small parallel movement upwards 
of the whole curve, would have the effect of rendering equal the roots 
of the equation thus altered. In that case the line OX would no 
longer cut the curve in two distinct points, but would touch it. Now, 
when a line touches a curve it is properly said to meet the curve, not 
once, but in two coincident points. The student acquainted with the 
theory of plane curves will have no difficulty in illustrating in a 
similar manner the oécurrence of a triple or higher multiple root. 


Equal roots form the connecting Jink between rea] and imagin- 
ary roots. We have just seen that a small change in the form of a 
polynomial may convert it from one having real roots into another 
in which two of the real roots become equal. A further small change 
may convert it into a form in which the two roots become imaginary. 
Let us suppose tliat the above polynomial is further altered by 
another small addition to the absolute term. We shall then have a 
graphic representation in which the axis OX cuts the curve in only 
one real point, viz., that corresponding tc the negative root, the two 


points of section corresponding to the two positive roots having now - 


disappeared. 


Consider, for example, the polynomial 10x%3—172z?+42+-2s, 
which is obtained from that of Ex. 2, Art. 10 by the addition of 22. 
The student can easily construct the figure ; the point corresponding 
to A in Fig. 3 will now lie much above the axis of x. Divide by x+-1, 
and obtain the trinomial 10z*—27x+428 which contains the remain- 
ing two roots. They are easily found to be 

V39l_,—- 27 4/31 ,—- 
20 +729 VY By D i 

We obsorve in this case, as well as in the example of Art. 15, 
that when a change of form of the polynomial causes one real root 
to disappear, a second also disappears at the same time, and the 
two are replaced by à pair of imaginary roots. The reason of this 
will be apparent from the proposition of the following Article. 

18. Imaginary Roots enter Equations,in Pairs. The 
proposition to be now proved may be stated as follôws :— 

If an equation f(x)=0, whose co-efficients are all real quantities, 
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have for a root the imaginary expression «+B\/—L, it must also have 
for a root the conjugate imaginary expression a—8/—1. 
` We have the following identity :— 
(2—a- BY —I)(e@—a+8 /—1)=(27—a)* +B*. 

Let the polynomial f(x), be divided by the second number of 
this identity, and, if possible, let there be a remainder Rz+R'. We 
have then the identical equation 

fz) ={a—a)+P}Q+RE+R, 
where Q is the quotient, of n—2 dimensions in x. Substitute in this 
identity «+64/—1 for x. This, by hypothesis, causes f(x) to vanish. 
It also causes (x—a)*+ 8? to vanish. Hence 
R(a+BY 1) +R'=0, 
from which we obtain the two equations 
Ro+R’=0, RB=0, 
since the real and imaginary parts cannot destroy one another ; hence 
R=0, R'=0. 

Thus the remainder Rx+R’ vanishes; and, therefore, f(x) is 

divisible without remainder by the product of the two factors 


z—a—Pr/—1, r—a2+f/—l. 

The equation has, consequently, the root a—B/—I as well as 
the root «+$/—l. 

Thus the total number of imaginary roots in an equation with: 
real co-efficients is always even; and every polynomial may be 
regarded as composed of real factors, each pair of imaginary roots 
producing a real quadratic factor, and each real root producing a 
réal simple factor. The actual resolution of the polynomial into 

these factors constitutes the complete solution of the equation. 

We observed in Art. 17 that equal roots may be considered as 
the connecting link between real and imaginary roots. This state- 
ment may be regarded from another point of view. Suppose a poly- 
nomial has the quadratic factor (—a)*+-&, and let its form be alter- 
ed by means of slight alterations in the value ofk. When & is 
negative, the quadratic factor gives a pair of real roots; when k=0, 
this factor has two equal roots, « ; when k is positive, the factor has 
two imaginary roots. 

A proos exactly similar to that given above shows that surd 
roots, of the form’ 4- 4/7, enter equations whose co-efficients are rati 
in pairs, 


7 A iy 


22 GENERAL PROPERTIES OF EQUATIONS 


Examples 
1. Form a rational cubic equation which shall have for roots 
EE EN S (Ana. 29—72*+419z—13=0, 


2. Form a rational equation which shall have for two of its roots 
145¥—1, 5—y—L.. 
[Ans, 24-1223 4.722? 3122 4676 =0. 
3. Solve the equation 
= wt + 2a3—5at+6x4+2—0, 
which has a root 


—2+y3. 
[Ans, The roots are —-24 43, 1+ ¥—1}- 
4. Solve the equation 
82942? + 2488=0, 
one root being 24457. [Ans. The roots are 2+ ¥—7, -5 


19. Descartes’ Rule of Signs—Positive Roots. This rule, 
which enables us, by the mere inspection of a given equation, to 
assign a superior limit to the number of its positive roots, may be 
enunciated as follows :—No equation can have more positive roots than 
it has changes of sign from -+ to —, and from — to +, in the terms of 
its first member. 

We shall content ourselves for the present with the proof which 
is usually given, and which is rather a verification than a general 
demonstration of this celebrated theorem of Descrates. It will be 
subsequently shown that the rule just enunciated, and other similar 
rules which were discovered by early investigators to the number of 
the positive, negative, and imaginary roots of equations, are imme- 
diate deductions from the more general theorems of Budan and 
Fourier. 


Let the signs of a polynomial taken at random succeed each 


other in the following order :— 
i te 1a Aa ly ls et 
In this there are in all seven changes of sign, including changes 
from + to —, and from — to +. It is proposed to show that if this 
polynomial be multiplied by a binomial whose signs, corresponding to 
a positive root, are + —, the resulting polynomial will have at loast 
one more change of sign than the original. 


We write down only the signs which occur in the operation as 
follows :— 


< 


d p= 
é : Lily, 
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Here, in the third line, the ambiguous sign + is placed wher- 
ever there are two terms with different signs to be added. We 
observe in this case, and it will readily appear also for every other 
arrangement, that the effect of the process is to introduce the ambi- 
guous sign wherever the sign + follows +, or — follows —, in the 
original polynomial. The number of variations of sign is never dimi- 
nished. There is, moreover, always one variation added at the end. 
This is obvious in the above instance, where the original polynomial 
terminates with a variation ; if it terminates with,a continuations of 
sign, it will equally appear that the corresponding ambiguity in the 
resulting polynomial must furnish one additional variation either 
with the preceding or with the superadded sign. Thus, in even the 
most unfavourable case—that, namely, in which the continuation of 
sign in the original remain continuations in the resulting polynomial, 
there is one variation added ; and we may conclude in general that 
the effect of the multiplication of a polynomial by a binomial factor 
2—o, is to introduce at least one additional change of sign. 

Suppose now a polynomial formed of the product of the factors 
corresponding to the negative and imaginary roots of an equation ; 
the effect of multiplying this by each of the factors z—a, x—, 7—Y, 
etc., corresponding to the positive roots a, B, y, ete., is to introduce at 
least one change of sign for each ; so that when the`compléte product 
is formed containing all the roots, we conclude that the resulting 
polynomial has at least as many changes of sign as it has positive 
roots. This is Descartes’ proposition. 

20. Descartes’ Rule of Signs—Negative Roots. Tn order 
to give the most advantageous statement to Descartes’ rule in the 

«case of negative roots, we first prove that if —x be substituted for x 
in the equation f(x) =0, the resulting equation will have the same 
roots as the original except that their signs will be changed, This 
follows from the identical equation of Art. 16. 
f(z) =(%#—21)(@—4q)(@—4s)+- « (aan) 
from which we derive 
f(—2) =(—1) "(w+ a4)(@+ a)r a). + (An): 

From this it is evident that the roots of S(—2)=0 are 

— a —M, — ilgisi oniy AR: 
Hence the negative roots of f(z) are positive roots of f(—z), and we 
may enunciatee Descartes’ rule for negative roots as follows :—No 
equation can have a greater nuniber of negative roots than there are 
changes of sign in terms of the polynomial f(—2). f 


* 
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21. Use of Descartes’ Rule in proving the existence of 


_. imaginary Roots. It is often possible to detect the existence of 


imaginary roots in equations by the application of Descartes’ rule ; 
for if it should happen that the sum of the greatest possible number 
of positive roots, added to the greatest possible number of negative 
roots, is less than the degree of the equation, we are sure of the exis- 
tence of imaginary roots. Take, for example, the equation 

284 10234-2—4=0. 
The equation, having only one variation, cannot have more than one 
positive root. Now, changing x into —2, we get 

2§—1023—27—4=0, 
and since this has only one variation, the original equation cannot 
have more than one negative root. Hence, in the proposed equation 
there cannot exist more than two real roots. It has, therefore, at 
least six imaginary roots. This application of Descartes’ rule is 
available only in the case of incomplete equations ; for it is easily 
scen that the sum of the number of variations is f(z) and f(—z) 
is exactly equal to the degree of the equation when it is complete. 

22. Theorem. If two numbers a and b, substituted for x in the 
polynomial. f(x), give results with contrary signs, an odd number of real 
roots of the equation f(x) =0 lies between them; and if they give results 
with the same sign, either no real root or an even number of real roots 
lies between them. 

This proposition, of which the theorem in Art. 12 is a particular 
case, contains in the most general form the conclusions which can be 
drawn as to the roots of an equation from the signs furnished by its 
first member when two given numbers ate substituted for x. We 
proceed to prove the first part of the proposition ; the second part is 
proved in a precisely similar manner. 


Let the following m roots æy, ag,.00--+, %_» and no others, of the 
equation f(z)=0 lie between the quantities a and b, of which, as 
usual, we take a to be the lesser, 

Let 9(x) be the quotient when f(x) is divided by the product of 
the m factors (7 —a,)(# —a,)......(a—a,,)- We have, then, the identical 
equation 

S(t) & (x — a) — a3)... (© tm) PH): 

Putting in this successively =a, x=b, we obtain 

fia) =(a—a)(4—a4y)--- (4am) pla), 
Jb) = (ba4)(b a) --»..(b— am) 9(4). 

Now. (a) and 9b) have the same sign; for if they had 

different siyne there would be, by Art. 12, one root at least of the 
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equation ¢(z)=0 between them. By hypothesis, f(a) and f(b) have 
different signs ; hence the signs of the products t 

: (a—a)(a— a). . (2 em), 

. (b—a)(b— a)... (b — m), 

are different ; but the sign of the second is positive since all its 
factors are positive ; hence the sign of the first is negative ; but all 
the factors of the first are negative ; therefore their number must be 
odd; which proves the proposition. i 

In this proposition it is to be understood that multiple roots 
are counted a number of times equal to the degree of their multi- 
plicity. 

It is instructive to apply the graphic method of treatment to 
the theorem of the present Article. From this point of view it appears 
almost intuitively true ; for it is evident that when any two points 
are connected by a curve, the portion of the curve between these 
points must cut the axis an odd number of times when the points are 
on opposite sides of the axis ; and an even number of times or not at 
all, when the points are on the same side of the axis. 

: Examples 

1. If the signs of the terms of an equation be all positive, it cannot have 
a positive root. 

2. Ifthe signs of the terms of any complete equation be alternately 
positive and negative, it cannot have a negative root. 

3. If an equation consists of a number of terms connected by + signs 
followed by a number of terms connected by — signs, it has one positive root and 


no more. 

Apply Art. 12, substituting 0 and œ ; and Art, 1% 

4. If an oquation involves only even powers of », and if all the co- 
AMicients have positive signs, it cannot have a real root. 

Apply Arts. 19 and 20. 

5. Ifan equation involve only odd powers of x, and if the co-efficients 
have all positive signs, it has the root zero and no other real root. 

6, Ifan equation be complete, the number of continuations of sign in 
fiz) is the sume as the number of variations of sign in f(—2). 

7. When an equation is complete ; if all its roots be real, the number of 
positive roots is equal to the numbor of variations, and the number of negative 
roots is equal to the numbor of continuations of sign. 

8. An equation having an even number of variations of sign must have 
its last sign positive, and ono having an odd numbor ef variations must bave its 
last sign negative. 

Take the highest power of x with positive co-eTicient (see Art. 4). 

9. Hencegrove that if an equation has an even number of variations it 
must have an equal or less even number of positive roots; and if it has anodd 
number of variations it must have an oqual or less odd number of positive roots , 

. e 
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in other words, the number of positive roots when less than the number of 
variations must differ from it by an even number. 
Substitute 0 and œ, apply Art, 22. 
10, Find an inferior limit to the number of imaginary roots of the equa- 
tion 
a*—32*—2z+1=0. 
[Ans. At least two imaginary roots. 
ll. Find the nature of the roots of the equation 
wt4 152% 4 Te—11=0. 
Apply Arts. 14, 19, 20, [Ana. One positive, one negative, two imaginary. 
12, Show that the equation 
2 4-gr+r=0, 
where g and r are essentially positive, has one negative and two imaginary roots. 
13. Show that the equation 
—gt+r=0, 
where g and r are essentially positive, has one negative root ; and that the other 
two roots are either imaginary or both positive. 
14, Show that the equation 


At B? co L? 
Py ey ee Gases avis 4 Pas) z—m, 
where a, b, ¢,...... , laro numbers all different from one another, cannot have an 


imaginary root. 
Substitute «+-8y—1 and a—8y—1 in succession for z, and subtract. We 
get an expression which can vanish only on the supposition B=0. 
15. Show that the equation 
z"—1—0 
has, when n is even, two real roots, 1 and —1 and no other real root ; and, when 
n is odd, the real root 1, and no other real root. 
This and the next example follow readily from Arts. 19 and 20. 
16. Show that the equation 
a"4+1l=O 
has, when n is even, no real root ; and, when n is odd, the real root —1, and no 
other real root, 
17. Solve the equation 
at 4 2gx343q%x? 4 2q9v—rt =O. 
This is equivalent to 
(2*+-qe-+*)*—q'—r'=0. athe: 


[ Ans. =- zN -4 dirin 


The different signs of the radicals give four sci alta and the 
expression here written involves the four roots. 

18. Form the equation which has for roots the different values of the 
expression 

24047441140, 
where g'=1, 

If no restriction had been made by the introduction of 0, „this expression 
would have 8 values. The y7 must now be taken with the samo sign where it 
occurs under the second radical and free from it. There are, therefore, only 
four veiues in all. [Ans. 2t—S2t— 122" +842—63=0. 
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19. Form an equation which has for roots the four values of 
—9+0v4137+3434—294137, 
where 6*=1, [Ans. at+362%—4002*— 31682 4+7744=0. 
20. Form an equation with rational co-efficients which shall have for 
roots all the values of the expression 
6; NP+O2N9+Osvr- 


where O%=1, 6°=1, 0'5 
There are eight different values of this expression, viz., 
Ap+va+yr, — p—q—, 
D a. =sp+sg +N, 
—p+ig—4r, WP-NITNY 
p= yr; NP+NI— NT. 
Assume 


z=, VP+0 VI +0 vr. 
Squaring, we have 
w= p+q+r+2(G.05 V9r+0301 VTP +0102 VP9)- 

Transposing, and squaring again, 

(a*—p—q—r)*=4(qr-+rp+pq)+-80,0,0,¥ par (0,vp +040 +0vr)- 

Transposing, substituting x for 9,¥p-+4.Vq+0,V" and squaring, we obtain 
the final equation free from radicals 

fxt—22"(p+q+r)-+ p+ g°+r°—2qr—2rp—2pq] =6ipqrz*. 

This is an equation of the eighth degree whose roots are the values above 
written. Sinde Q; 0: 0s have disappeared it is indifferent which of the eight 
roots +¥p+~givr is assumed equal to z in the first instance. The final equation 
is that which would have been obtained if each of 8 roots had been subtracted 
from 2, and the continued product formed, as in Ex. 6, Art. 16. 


CHAPTER Ill 


RELATIONS BETWEEN THE ROOTS AND CO-EFFICIENTS OF 
EQUATIONS, WITH APPLICATIONS TO SYMMETRIC 
FUNCTIONS OF THE ROOTS 


23. Relations between Roots and Co-efficients. Taking 
for simplicity the co-efficient of the highest power of x as unity, and 
representing, as in Art. 16, the n roots of an equation by aj, dg, ay. 
an, we have the following identity :— 

B+ PAPA} pat”... H Pn- tH Dn 
= (P— a )(T— a) (1—3)... (L — än). FRAN) 

When the factors of the second member of this identity are 
multiplied together, the highest power of x in the product is z” ; 
the co-efficient of x*-! is the sum of the n quantities —«,, —a,, etc., 
viz., the roots with their signs changed ; the co-efficient of 2*-? 
is the sum of the products of these quantities taken two by two ; the 
co-efficient of z*-3 is the sum of their products taken three by three ; 
and so on, the last term being the product of all the roots with their 
signs changed. Equating, therefore, the co-efficients of z on each side 
of the identity (1), we have the follu wing series of equations :— 


y= — (ay fag ast. Fan), 
Pa == (tit + ttg tH tatgt ...--- +&n-1%n), 
Ps = — (12y tg F Atgas +Gn—2%n—1%n), (2) 


Pun=(—1)"ajages -anian 
which enable us to state the relations between the roots and co-effi- 
cients as follows : — J 

Theorem. In every algebraic equation, the co-efficient of whose 
highest term is unity, the co-efficient p, of the seconĝ term with its sign 
changed is equal to the sum of the roots. 

The co-efficient p, of the third term is equal to the sum of the pro- 
ducts of the roots taken two by two. 

The co-efficient p, of the fourth term with its sign changed is equal 
to the sum of the products of the roots taken three by three ; and so on, the 
signs of the co-efficients being taken alternately negative and positive, and 
the number of roots multiplicd ogether in each term of the correponding 


function of the roots increasing by unity, till finally that function is 


reached which consists of the product of the n roots. > 


> 
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When the co-efficient a, of x" is not unity (see Art. 1), we must 
divide each term of the equation by it. The sum of the roots 


is then equal to -4 ,; the sum of their products in pairs is equal 
o 


to me) ; and so on. 
Go 

Cor. 1. Every root of an equation is a divisor of the absolute 
term of the equation. 

Cor. 2. If the roots of an equation be all positive, the co- 
efficients (including that of the highest power of x) will be alternately 
positive and negative; and if the roots be all negative, the co-efficients 
wil) be all positive. This is obvious from the equations (2) [cf. Arts. 19 
and 20). 

24. Applications of the Theorem. Since the equations (2) 
of the preceding Article supply n distinct relations between the n 
roots and the co-efficients, it might perhaps be supposed that some . 
advantage is thereby gained in the general solution of the equation. 
Such, however, is not the case, for suppose it were attempted to 
determine by means of these equations a root, a, of the original 
equation, this could be effected only by the elimination of the other 
roots by means of the given equations, and the consequent 
determination of a final equation of which a, is one of the roots. 
Now, in whatever way this final equation is obtained, it must have 
for solution not only «, but each of the other roots dg, ag, «+--+ s.s, On i 
for, since all the roots enter in the same manner in the equations (2) 
if it had been proposed to determine a, (or any other root) by the 
elimination of the rest, our final equation could differ from that 
obtained for g, only by the substitution of a, (or that other root) for 

" a. The final equation arrived at, therefore, by the process of elimina- 
tion must have the n quantities a), &,..--..++- , %» for roots ; and cannot 
consequently, be easier of solution than the given equation. This 
final equation is, in fact, the original equation itself, with the root we 
are seeking substituted for x. This we shall show for the particular 
case of a cubic. The process here employed is general, and may be 
applied to an equation of any degree. Let a, B, y be the roots of the 
equation 


a34 piz’ + pat + Py. 
We have, by Art. 23, 
e pı=—la+ß+Y), 
pa=0b+aY+PY 
Ps=— aBY. 
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Multiplying the first of these equations by a, the second by a, 

and adding the three, we find 

Pye? + Paa +H Ppy=—a? 
or a+ pia’ + p.x+ p,=0, 
which is the given cubic with « in the place of x. 

The student can take as an exercise to prove the same result in 
the case of an‘equation of the fourth degree. In the corresponding 
treatment of the general case the successive equations of Art. 23 are 
to be multiplied by «"-1, a"-*, a"-3, ete., and added. 

Although the equations (2) afford, as we have just seen, no 
assistance in the general soltition of the equation, they are often of use 
in facilitating the solution of numerical equations when any particular 
relations among the roots are known to exist. They may also be 
employed to establish the relations which must obtain among the 
co-efficients of algebraical equations corresponding to known relations 
among the roots. 

Examples 

1. Solve the equation 

z*—5z*—162-4+80=0, 
the sum of two of ita roots being equal to zero. 

L et the roots be «, B, y. We have then 

atB+y= 5. 
aB+ay+By=—16. 
aßy=—80. 

Taking 8-+-7=0, we havo, from the first of these, a=5; and from either 
the second or third. we obtain By=—16. Wo find for 8 and y the values 4 and —4, 

Thus the three roots are 5, 4, —4. 
2. Solve the equation 
x —32*+4=0, 
two of its roote being equal. 
Let the three roots be a, a, 8. We have 
2a+h=3, 
a?+2a8=0, 
from which we find a=2, and 8=—1. The roots are 2, 2, —1. 
3. The equation 
zipir’ 92x? 122 4.9=0 
hus two pairs of equal roots ; find them. 

Let the roots be «, a, 8, 8 ; we have, therefore, 

22423 —4, > 


a+? 4 dabm—2 
from which we obtain for a and 8 the values ] and —3 


J 
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4. Solve the equation 

23—9x?+14¢4+24=0 
two of whose roots are in the ratio of 3 to 2. 
Let the roots be a, B, y, With the relation 24=3ß. By eliminationo « we 
easily obtain 
5B+2y=18, 
3y2-+58y=28, 
from which we have the following quadratic for $ :— 
19? 908 +-56=0. 

‘The roots of this are 4, and 14; the former gives for a and y the values 6 
and —1. The three roots are 6, 4, —1. The student will here ask what is the 
significaace of the value +4 f$; and the same difficulty may have presented 
itself in the previous examples. It will be observed that in the examples of this 
nature we never require all the relations betwoen the roote and co-efficients in 
order to determine the required unknown quantities. The reason of t isis, that 
the given condition establishes one or more relations amongst the roots. When- 
ever the equations employed appear to furnish more than one system of values 
for the roots, the actual roots are easily determined by the condition that they 
must satisfy the equation (or equations) between the roots and co-efficiente 
which wo have not made use of in determining them, Thus, in the present 
the value p=4 gives a system satisfying the omitted equation 

aBy=—24; 
while the value B=1¢ gives a system not satisfying" this equation, and is, there- 
fore, to be rejected. 

5. Solve the equation 

x3—92*4 232—16=0 
whose roots are in arithmetical progression. 

Let the roots be a—8, a, a+3; we have at once 

3a=9, 
3a? —8t=23 
from which we obtain the three roots 1, 3, 5. 
6. Solve the equation 
. xt + 2r 2ixt— 222 4+40=0, 
whose roots are in arithmetical progression. 
Assume for the roots a—38,a—8, «+8, a+38. ' [Ans, —5, —2, 1, 4 
7. Solve the equation 
27a 44222282 —8=0, 
whose roots are in geometric progression. 
Assume for the roots a, a = _, From the third of the equations (2), Art. 


example, 


ze Either of the remaining two equations gives a quad- 
2 


23, we have a= x a= : 
[Ans. —2, o° oO" 


catic for p. 
« 


8, Solve the equation. 
3at— 4029 + 1302? —120x4-27=0, 
whose roots are in geometric progression. 
Assume for the roots , + , ap, «7%. Employ the second and fourth of 
the gaustions (2), Art. 23. {Ane $ L 3, 9. 


bt? 
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9. Solve the equation 
at 4- l5x3-4702t +1202 4-64—0. 
whose roots are in geometric progression, [dns. —1, —2, —4, —8. 
10. Solve the equation 
6x3 —11z*4+62—1=0, : 
whose roots are in harmonic progression. 
Take the roots to be a, B, y. We have here tue relation 
1 1 2 


see Se 


eee p 


hence 


By +ya+ah=3ya; ete. ; [Ans. 1, > + 
11. Solve the equation 
81a3—182*—362+48=0, 
whose roots are in harmonic progression. 


2 
iene Bae RES RA 
12. If the roots of the equation 
2 —px*+gqr—r=0 
be in harmonic progression, show that the mean root is =. 


13. The equation 
oh — 243 + 4a? +67 —21—0 
has two roots equal in magnitude and opposite in sign; determine all the root- 
Take x+$=0, and employ the first and third of equations (2), Art. 23, 
(Ans. 43, 423, Lt v6. 
14, The equation 
Bat — 2529+ 502*—502+12=0 
has two roots whose product is 2; find all the roots. 


{Ans 6, Aa 14 y—1. 


15. One of the roots of the cubic 
a—put+qzr—red 
is double another ; show that it may be found from a quadratic equation. 
16. Show t!.at all the roots of the equation 
24. pe) 4-pazh-*4..,.... +Pa-yt+Pn=0 
can be obtained when they are in arithmetical progression. 
Let the roots be a, a-+8, a-+28,...... ,at(n—1)a. The first of equations (2) 
gives 
—p,=na+[14-24+3+-...... +{(n—1)B 
~~ ogg Bacon 8. we) 


Again, since the sum of the squares of any number of quantities is equal 
io the square of their sum minus twice the sum of their produots in pairs, we 
have the equation 

—2py=a? + (a +8)*+(a+28)*+ ...... j 


=na+n(n—]l)að + Wiz nin INEN 9p, .(2) 


—_ 
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Subtracting the square of (1) from n times the equation (2), we find 3? in 
terms of p, and p,. We can then find a from equation (1). Thus all the roots can 
be expressed in terms of the co-efficients 7, and p, 

17. Find the condition which must be satisfied by the co-efficients of the 
equation 

2—pr?+pz—r=0, 
when two of its roots a, B are connected by a relation «+-p=9. {Ans. pq—r=9. 
18, Find the condition that the cubic 
a8 — pat +gr—r=0 
should have its roots in geometric progression. [Ans. p'r—g?=0. 

19. Find the condition that the same cubic should have its roots in har- 
monic progression (see Ex. 12). [Ans. 27r*—9pgr+2q*=9. 

20. Find the condition that the equation 

a+ pa+gqzt+re+s=0, 
should have two roots connected by the relation «+8=0 ; and determine in that 
case two quadratic equations which shall have for roots (1) æ, B ; and (2) y, 8. 


[Ans. pqr—pte—rt=0, (1) px®+r=0, (2) 284-924"? =0. 


21, Find the condition that the biquadratic of Ex. 20 should have its 
roota connected by the relation B+y=a+8. [Ans. p*—4pq+8r=0. 

22. Find the condition that the roots a, B, y, 8 of 

at pet gat +re+s=0 
should be connected by the relation a8="y8. {Ans. p%s—rt=0. 

22. Show that the condition obtained in Ex. 22 is satisfied when the roote 
of the biquadratic are in geometric progression, 

25. Depression of an equation when a relation exists 
between two of its Roots. The examples given in the preceding 
Article illustrate the use of the equations connecting the roots and 
co-efficients in determining the roots in particular cases when known 

. relations exist among them. We shall now show in general, that if a 
relation of the form B=9(a) exist between two of the roots of an equation 
fix)=0, the equation may be depressed two dimensions. 

Let 9(x) be substituted for x in the identity 

f(z) Sage" +ay2"1+ «06. Han 
then fiole) = ag G(x)" Halol) «+ FAnr9() Han: 
We represent, for convenience, the second member of this 
identity by F(x). Substituting « for x, we have 
F(a)=f(ola)=f@)=0; a 
hence « satisfies the equation F(z)=0, and it also satisfies the 
equation f(x)=0 ; hence the polynomials f(x) and F(x) have a 
common measúre x—a ; thus « can be determined, and from it 9(a) 
or ß, and the givon equation can be depressed two dimensions. 
e 
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Examples 


1. The equation o 
at—5x*— 42 420—0 


has two roots whose difference=3 ; find them. 


Here 8—a=3, B=3 +a ; substitute x43 for z in the given polynomial f(x); 


it becomes x*-+-4a*—7x—10; the common measure of this and f(z) is z—2; from 
which 2=2, B=5 ; the third root is —2. 


2, The equation 
wt — 629+ ll2*—132+46=0, 
has two roots connected by the relation 2843a=7 ; find all the roots. 


[Ans. 1, 2, l —2. 


It may be observed here, that when two polynomials f(x) and 
F(x) have common factors, these factors may be obtained by the 
ordinary process of finding the common measure. Thus if we know 
that two given equations have common roots, we can obtain these 
roots by equating to zero the greatest common measure of the given 
polynomials. 
Examples 
1. The equations 
2a +52*-62—9=0, 
329 +72*—lle—15=0 
have two common roots, find them. [Ane. -1. —3. 
2. The equations 
a4 prt+gr+r=0, 
w+p'x*+q'2+r' =0 
have two common roots ; find the quadratic whose roots are these two, and find 
also the third root of each. 
[ Am. ae a =0, petal de AF ast ai 
26. The Cube Roots of Unity. Equations of the forms 
a*—1=0, 2*+1=0, 
consisting of the highest and absolute terms only, are called binomial 
equations. The roots of the former are called the n n™ roots of unity. 
A general discussion of these forms will be given in a subsequent 
chapter. We confine ourselves at present to the simple case of the 
binomial cubic, for which certain useful properties of the roots can be 
easily established. It has been already shown (see Ex, 5, Art. 16), 
that the roots of the cubic 


2—1=0 
ae L el 
A SE iY 


, 
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If either of the imaginary roots be represented by w, the other 
is easily seen to be w*, by actually Squaring ; or we may see the same 
thing as follows :—If w be a root of the cubic, w? must also be a root ; 
for, since w*=1, we get, by squaring, w*=1, or (w*)?=1, thus showing 
that w? satisfies the cubic z3—1=0. We have then the identity 

#—1=(x—1)(zx—w)(x—w%). 
Changing x into —x, we get the following identity also :— 
‘41=(241)(2+w)(z+w%), 
which furnishes the roots of 
‘ z’+1=0, 

Whenever in any product of quantities involving the imaginary 
cube roots of unity any power higher than the second presents itself, 
it can be replaced by w, or w?, or by unity ; for example, 

of=03.w=a, =w ww, of =w3.w3=l1, ete. 

The first or second of equations (2), Art. 23, gives the following 
property of the imaginary cube roots :— 

ltw+w?=0. 
By the aid of this equation any expression involving real quanti- 
ties and the imaginary cube roots can be written in any of the forms 
P+-wQ, PHQ, wP+wQ. 
Examples 
1. Show that the product 


(am+ c*n)(wo*m +an) 
is rational. {Ans, m*—mn+nt, 


2. Prove the following identities :— 
z m+n=(mtn)omto’n)wt m+ on), 
m§—n3=(m—n)(wm —w*n)(co*m — on). 
3. Show that the product 
lat 08+ w*y)(« +03 +o), 
is rational. [Ans, «943? 47°39 a, 
4, Prove the identity 
(a4-B+)(a+03+ w*y)(a-+o'8+wy)e28+f+79—%28y. 
5, Prove the identity 
(atobtoty) Hatot oy E(t) alya). 
Apply Ex. 2, 
6. Prove the identity 
(a+0B+a*y)*—(a4+o'8+oy)§= —°/ —3(8—+)(y—2)(a—3)- 
Apply Ex. 2, and substitute for —-:* its value y Z3. 
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7. Prove the identity 
a3 +p +y —3a'B' Y'= (a+ pyr apy)’, 
where 
a’ 0+} 2By, a =B*-+2ya, Y =y 2x8. 
8. Form the equation whose roots are 
m+n, am+a*n, e?m+an. 
[Ans, 23 —3mnxz—(mi+-n')=0. 
9. Form the equation whose roots are 
lim-+n, l+am-+ on, 1+ o*m+wn, 
{Ans. x —3lz?+ 3(/? —mn)x— (L + m+n —3lmn) =0. 
It is important to observe that, corresponding to the nn roots 
of unity, there are n n™ roots of any quantity. The roots of the 
equation 
j a*—a=0 

are the n n roots of a. 

The three cube roots, for example, of a are 
Va, wa, wa, 

where a represents the real cube root according to the ordinary 
arithmetical interpretation, Each of these values satisfies the cubic 
equation z*—a=0, It is to be observed that the three cube roots 
may be obtained by multiplying any one of the three above written 
by 1, w, w. 

In addition, therefore, to the real cube roots there are two 
imaginary cube roots obtained by multiplying the real cube root by 
the imaginary cube roots of unity. Thus, besides the ordinary cube 
root 3, the number 27 has the two imaginary cube roots 

ee Ee eS 
as the student can easily verify by actual cubing. 

10, Form a rational equation which shall have 

OY Aty gi Pat or Q—4/Q24 Pa 
for a root ; where w=], 

Compare Ex. 8, (Ans, 294-3Pxr—2Q=0, 

11. Form an equation with rational co-efficients which shall have 

uIP 
for a root where 9,*=1, and 0, =1. 
Cubing both sides of tho equation 
z=, 7 P40, Q, 
and substituting æ for its value on the right-hand side, wo get 
æ? — P—Q=36,0, Y PQ. z 4 
Cubing again, wo havo 
(28 —P—Q)'=27PQz!: 


i 
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Since @, and 9, may each have any ono of tho values 1, œ, w* the nine 
«ote of this equation are 
V P+ VQ, wo Pte VQ, ot Phat YQ, 
aY PHa? Oa Y P+ VO, uP VQ, 
oY Po, VPH VQ, PHQ. 
We see also that, since g, and 9, have disappeared ‘from the final equa- 
. tion, it is indifferent which of these nine roots is assumed equal to æ in the first 
instance. The -esulting equation is that whicb would have been obtained by 


multiplying together the nine factors of the form #—/ P— ¥/Q obtained from 
the nine roots above written. 


12. Form separately the three cubic equations whose roots are the 
groups in three (written in vertical columns in Ex. 11) of the roots of the equa- 
tiou of the preceding example. 

We can write these down from Ex, 8, taking first mand n equal to ¥ P, 
7 Q ; thon equaltow 7 P,0Q; and finally equal tou? 7 P, ot VQ. 

[Ans. 2°34 PQx—P—Q=0, 
z3— 3w? 7 PQz—P—Q=0, 
m3 VY PQx—P—Q=0. 

27. Symmetric Functions of the Roots. Symmetric func- 
tions of the roots of an equation are those functions in which all the 
roots are alike involved, so that the expression is unaltered in value 

when any two of the roots are interchanged, For example, the func- 
tions of the roots (the sum, the sum of the products in pairs ete.) with 
which we were concerned in Art. 23 are of this nature ; for, as the 
student will readily perceive, if in any of these expressions the root 
%, let us say, be written in every place where g, occurs, and a, in 
every place where g, occurs, the value of the expression will be un- 
changed. 

3 The functions discussed in Art. 23 are the simplest symmetric 
functions of the roots, each root entering in the first degree only in 
any term of any one of them. 

We can, without knowing the values of the roots separately in 
terms of the coefficients, obtain by means of the equations (2) of Art. 
23 the values in terms of the coefficients of an infinite variety of 
symmetric functions of the roots. It will be shown in a subsequent 
chapter, when the discussion of this subject is resumed, that any 
rational symmetric function whatever of the roots can be so expressed. 
The examples appended to this Article, mosfof which have reference 
to the simple cases of the cubic and biquadratic, are sufficient for 
the present to illustrate the usual elementary methods of obtaining 
such expressiofis in terms of the coefficients. 

It is usual to represent a symmetric function by the Greek letter 
= @ttached to one term of it, from which the entire expression 


. 
e 
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may be written down. Thus, if a, 6, y be the roots of a cubic, Da*f* 
represents the symmetric function 
aad prt, 
where all possible products in pairs are taken, and all the terms 
added after’each is separately squared. Again, in the same case, 
Faß represents the sum 
atB-+aty +BY +e a+HY a +Y p, 
where all possible permutations of the roots two by two are taken, 
and the first root in each term then squared. 
Asan illustration in the case of a biquadratic we take Za’$® 
whose expanded form is as follows :— 
B84 aty? -Hatt By + BBP yta, X 
By the aid of the various symmetric functions which occur 
among the following examples the student will acquire a facility in 
writing out in all similar cases the entire expression when the typical 
term is given. 
Examples 
1, Find the value of 3a’ of the roots of the cubic equation 
a+pat+gz+r=0, 
Multiplying together the equations 
at+p+y=—P, 
By+yatoB=9. 
we obtain a'8+3ahy=—p9, 
hence Ja°B=3r—pgq. 
2. Find for the same cubic the value of 
a+ By. [Ans Zat=p'—2¢. 
3, Find for the same cubic the value of 
a+r’. 
Multiplying the values of Ja and Ja’, we obtain 
at +B’ + Za B=-p +29 5 
hence, by Ex. I, 
Za3=—p*+3pq—3r. 
4. Find for the same cubic the value of 
6*y? + ya + aB, 
We easily obtain 
piyi + yat tatt 2aByla HBH y) = 
from which Zeg’ =g —2pr. 
4. Find for the same cubic the value of 
(B+7)(y+a)(a+B)- 
This is equal to 
2 2ahy+ Za’. [4ns. rart 


. 
EXAMPLES 39 


6. Find the value of the symmetric function 
a*By +a*B3 +a%3-+ Stay +6%s3-+By8-+ yah Hy ad + 7°88 + Bah ay +BY 
e of the roots of the biquadratic equation 
xt+pat+ qrt+ratem0, 
Multiplying together 
atB+y+3=—p, 
apy +a63+ay3+By3=—r, 
we obtain 2a*By +4ahy3—pr ; 
hence Zapy=pr—4s. 
7. Find for the same biquadratio the value of the symmetric function 
at + pty +a. 
Squaring Ja, we easily obtain 
2c8=p* —2q, 
8. Find for the same biquadratic the value of the symmetrie function 
ata? tatyt+at8t Bryt- Bt + 798", 
Squaring the equation 
Zaß=g, 


20S" + 22a" +6apyð =g" ; 


we obtain 


hence, by Ex. 6, 
Za*p*=g"—2pr+ 2s. 

9. Find for the same biquadratic the value of 34%. 

To form this symmetric function we take the two permutations aß and Ba 
Ha of the letters a, B ; these give two terms a3 and fa of J. We have similarly 
i two terms from every other pair of the letters «, 8, Y, 8; so that the symmetric 
function consists of 12 terms in all. 

Multiply together the two equations 

JeB=q, Ja*=p*—2g, i 
and observe that 
. Za Zaha Zat Fa*By. 

[It is convenient to remark here, that results of the kind expressed by 
this last equation can be verified by the consideration that the number of terms 
in both members of the equation must be the same. Thus,,in the present in- 
stance, since Ja? contains 4 terms, and Jaf, 6 terms, their product must contain 
24 ; and these are in fact the 12 terms which form 32%, together with the 12 
which form 32*By.] 

` Using the results of previous examples, we have, therefore, 
2a*B=p'g—2q*—pr+4s. 

10, Find for the same biquadratio the value of 

ar 4 Bt + 78 + Bt ‘a 
Squaring Jat, and employing results already obtained, 
Jat=p'—4p"q+2q*+4pr—4s. 
1]. Finé the value, in terms of the cocfficiente, of the sum of the 
equares of the roots of the equation 
24 paypa... + p,=9. x 
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Syuaring Zæ, we easily find 
Py = Jay +2 Faye 5 
hence 
2u,'=p,'—2p). 

12. Find the value, in terms of the coefficients, of the sum of the reci- 
procals of the roots of the equation in the preceding example. 

From the second last, and last of the equasions of Art. 23, we have 

gigs +s on Ap EAA An Horee Hartge ana =(— 1)" Pa_p 

CICI TERETE tn =(—1)" Par ; 


ik 1 =a 
rr a te a = Pn’ 
or 
_} Pan 
% Pn 


In a similar manner the sum of tho products in pairs, in threes eto., of 
tho reciprocals of the roots can be found by dividing the 3rd last, or 4th last, eto. 
coefficient by the last. 

13, Find for the cubic equation 

agi’ + Bayt? + 3a,2-4+0,=0 
the value, in terms of the coefficients, of the following symmetric function of the 
roote.a, B, Y :— 
(8—y)*+(y—a)*+(a—B)*. 

N.B. It will often bo found convenient to write, as in the present 
example, an equation with binomial coe ficients, that is, numerical coefficients 
the same as those which occur in the expansion by the binomial theorem, in 
addition to the literal coefficients ag, 7,, ete. Here the equation being of the 
third degro*, tho successive numerical coefficients are those which occur in the 
expansion to the third power, viz., 1, 3, 3, 1. 

We easily obtain 

a [ (By)? +y — a)? + (a-p) ]=18(4,*— agt). 

14, Express in terms of the coefficients of the cubic in the preceding 

example the successive coefficients of the quadratic 
(@—a)(B—y)* + EB) ly a)? + (@—)*(a—B)*=0, 
where œ, B, y are the roots of the cubic. 

Here, in addition to the symmetrie function of the preceding example, 
we have to calculate also the two following :— 

a(B—y)*+ B(y—a)* +y(a—B)*, 
aiB y) +Ry—« 24 y'a- B)*. 
HAns. (ao%y--4,2)@*+ (ag, —4,4,)-+ (a,4,—a,*)=0. 

15. Find for the cubic of Example 13 the value in terms of the co- 
efficients of “ 

(22—B—y)(28—y—a)(2y—a—8). 


Rs. 2a—B—y=Ba—(a+ 6+ y)=Ba+ Gi : 
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the required valuo is easily obtained by substituting — a for z in the identity 


at? 4-327 4 32,2 40% may’x—a)(2—B)(e—Y)- 
[Ans. a,%(2x—B—y)(28—y —a) 2y ~x—B) = —27(a,"2,—3ay0,0, +24). 

16, Find, in terms of the coefficients of the biquadratic equation 

Ogt*-+-4a,2° +-60,2* +4a,7-+a,=0 
tho value of the following symmotric function of the roosts :— 
(B—y)*(a—8)*+-:y —a)*+(B—8)*+(a—B)*(-y —8)*. 

Here the equation is written with numerical coefficients corresponding to 
the expansion of the binomial to the 4th power. The symmetric function in 
question is easily seen to be identical with 

23a*B*—2 FatBy + 120878. 
Employing the results of examples 6 and 8, we find 
Og*{(B—Y)"(a—8)*-+(y—a)4B—8)*+ (a—B)(y—8)} =24(aqa, —40,0, +344"). 
17. Taking the six products in pairs of the four roots of the equation of 

Ex. 16, and adding each product, e.g., «8, to that which contains the remaining 
two roots, y8, we have the three sums in pairs 

By +23, yx+B8, aB+y8; 
it is required to find the values in terms of the coofficients of the two following 
symmetric functions of the roots :— 

(Ya+3)(03 +3) +(a8-+78)(By +28) +(By+08)(ya+B8), 

(By +25)(ya+£8)(aB +78). 

The former of these is the sum of the products in pairs, and the latter the 
continued product, of the throe expressions above given, As theo three funo- 
tions of the roots are important in the theory of the biquadratio, we shall repre- 
sent them uniformly by the letters à, #, v. We have, therefore, to find expres- 
sions in terms of the coefficients for Hv-+vA+2, and hyv. 

The former is Ja*@y, and is easily expressed as follows (of. Ex. 6) -— 

a Shy =4(4a,45— aot). 
The latter is, when multiplied out, equal to 
a@By3(a? 4-*-+-y2+ 8%) +atgeyta( 4 +e + a +5 , 
and we obtain after easy calculations the following :— 
4, = 8(2ag7,"— 3a97,0, +2a,%a,). 
18. Find in termsof tho coeficients of the biquadratic of Ex. 16, the 
value of the following symmetric funct on of the roots :— 
{(¥—a),B-8)—(a—B)(y—3,}fia—BYy—8)—(B—la—8)} 
{(8—y)'a—8)—(y¥ —2)(8—8)}. 

This is also an important symmetric function in the theory of the biquad- 
ratio. To prevent any ambiguity in writing this, or eqrresponding functions in 
which the differences of tho roots of the biquadratic enter, we explain the nota- 
tion which will be uniformly employed in this work, 

Taking in cizcular order the three roots a, B,y, we have the three differ- 
ences B—y, Y—a, «—$ ; and subtracting 8 from each root in turn, we have the 
three other differences «—8, 2—3, y—8. We combine these in pairs as follows ;— 

e (B=y)a—8) ty—a)(B—8), (a—B)(y —8). 
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The symmetric function in question is the product of the differences of 
these three taken as usual in circular order. 

Employing the values of à, /, v, in the preceding example, we have 

—P+ve(B—Y)(a—8), —v+y=(y—a):ß— 8), —ì+#E= (apy — 3). 
We have, therefore, to find the value of 
(2—B—v) 24 —v—d)(2v—2—=B), 
or (3A— JaB)(3— ZaB)(3v— Fa), 
in terms of the coefficients of the biquadratic. 

Multiplying this out, substituting the value of Faß, and attending to the 
results of Ex, 17, we obtain the required expression as follows :— 

0,4 2h— 1 —v)(24—v —2)(2v Ap) = — 4324447, +2000, — Ag —4,"0,— 0,9} 

The function of the coefficients here arrived at, as well as those before 
obtained in Examples 13, 15 and 16, will be found to be of great importance 
in the theory of the cubic and biquadratic equations. 

19, Find, in terms of the coefficients of the biquadratic of Ex. 16, the 
value of the symmetric function 

(a=) +a y)’ + (a —8)t+(8—y)+B—8)+(Y—8)*. 

This may be represented briefly by 3(a—6)*- 

[Ans. a’ 3(a—B)*=48(4,"—40%s) 
20. Prove the following relation between the roots and coefficients of the 
biquadratic of Ex. 16 ;— 

,°(8-+-Yy—a—8)(y-+a~B—8)(a+P—y —8)=3 2(a9%a,— 3a,a,4,+2a,*). 

28. Theorems relating to Symmetric Functions. The 
following two theorems, with which we close for the present the dis- 
cussion of this subject, will be found useful in many instances in 
verifying the results of the calculation of the values of symmetric 
functions in terms of the coefficients. 

(1) The sum of the exponents of all the roots in any term of any 
symmetric function of the roots is equal to the sum of the suffixes in each 
term of the corresponding value in the coefficients. 

The sum of the exponents is of course the same for every terns 
of the symmetric function, and may be called the degree inall the 
roots of that function. The truth of the theorem will be observed in 
the particular cases of the examples 13, 15, 16, 17 eto., of the last 
Article ; and that it must be true in general appears from the 
equations (2) of Art, 23, for the suffix of each coefficient in those 
equations is equal to the degree in the roots of the corresponding 
function of the roots ; hence in any product of any powers of the 
coefficients the sum of the suffixes must be equal to the degree in all 
the roots of the corresponding function of the roots. 

(2) When an equation is written with binomial coefficients, the 
expression in terms of the coefficients for any symmetri function of the 
roots, which is a function of their differences only, is such that the 

algebraic sum of the numerical factors of all the terms in it is equal to,zero. 
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The truth of this proposition appears by supposing all the co- 
efficients a); a, a, etc., to become equal to unity in the general 
equal written with binomial coefficients, viz. 

—1 
agent nayert4 Pi hart.. Hanm ; 

for the equation then becomes (x-++-1)"=0, i.e., all the roots become 
equal; hence any function of the differences of the roots must in that 
case vanish, and, therefore, also the function of the coefficients which 
is equal to it ; but this consists of the algebraic sum.of the aumerical 
factors when in it all the coefficients a), a, & etc., are made equal to 
unity., In Exs, 13, 15, 16, 18, 20 of Art. 27 we have instances of this 
theorem. 

Examples 

1, Find in terms of p, q, r the value of the symmetric function 
2 2 2 2 a 
Pt te ae 

where a, B, y are the roots of the cubic equation 


a4 pa*+gr+r=0. [Ane. is 

2, Find for the same equation the value of 
(B+y—a)*-+ lythat- [Ans 24r—p?. 
8. Calculate the value of 3a°6* of the roots of the same equation, Here 
Zap Zap = Zap apy Jats ; hence, ete. [Ans. q*—3pgr+3r*. 


4. Find for the same equation the value of the symmetrio function 
(yya (a? — B)* 
fa‘ is easily obtained by squaring Ja? (see Ex. 3, Art. 27). 
[Ans. 2p*—12p'q+ 12p*r-+- 18p%q*— 18pqr — 64. 
5. Find for the same equation the value of 
s Pe ts e or pan, See, 
B+y yta" atp” 4 r-P4 
6. Find for the same equation the value of 
ati py  B+ya | Y'+aB pt—3p'g+5pr+¢* 
BF + + e An, e 
Y yta a+b r—p4 
7. Find for the same equation the value of 
2py—a?  2ya—B' | 2aB—y* ph—2p'g + 14pr—8q" 
Bryne + yte—p t atp—y A apr 


8. Find the value of the symmetric function 2( = ey for the same 
Spy —4p'r—4a?— 2p — 


cubic equation. [Ans. “ropa 


© 
9, Calculate in terms of p, g, 7, 8, the value of Z + for the equation 
a+ pat +gat+re+s=0, ' 


. 
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Hore 
1 
ZBI; = J A +2 =e and Bay = 4425 : 


—29%s— pre +4<° 
[Ans, Ae eiiie i 


10. Find the value of J- ar of the roots of the equation 


INEP pyr? +, +Payt+Pn=0. 
[Ans, Pn-Pn—PıPn-1i* t 2P: PnP, 


Pn* 
11, Find for the biquadratic of Ex. 9 the value of 


(By —a8)(ya—f3)(aB —y8). 
Compare Ex, 22. Art. 24. [Ans. r*8—p'a. 


12, Find the value of Zaz +a)’ (B— y)? in terms of the coefficients of 
he cubic equation 


agt? 8a,2*-+ 34,2 +a,—=0. 
18 
[Ans, atten. 
13, Find the value of the symmotric function zeita of the roots of 
a 


the equation 


Opal + paras +Pn-yt+pPn =0. 
The given function may be written in the furm 


or sar —n , hence, ete. [ Ane. PiPans ny, 
a Pn 
14, Clear of radicals the equation 
V ESHER E= 5 
and express tho coefficients of the resulting equation in żin terms of the coem- 
cionts of the cubic of Ex. }. [Ans, 31*—2(p*—2q)t—p*--4p"g—8pr=0. 
15, Tf &, B, y. 8 be tho roots of the biquadratic of Ex. 9, prove 
(a? HIB 4-1 p(y? +-1)(8*-+-1) =(1—q-+-8 +-(p—r)*. 
Substitute in turn each of the roots of the equation 2*+-1=0 in the identity 
of Art. 16 and multiply. 
16. Prove the following relation between the roots and coefficients of the 
general equation of the n!” degree ;— 
(a 1) larg? 1)... fog? + 1) = (L— pg +g.) (Dy Pat o) 
17, Find the numerical value of 
(a? +-2)(8* 4-2) (7? +-2)(8"+- 2), 
where a, B, y, 8 are the roots of the equation ? 
xt — 729 +829 5r 410=0. 
Substitute in turn for z each root of the equation x? 4-2=0, and multiply. 
[Ane? 166, 


n] 
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18. Ifa, B, Y, 8 be the roots of the equation 
att + 4a,x° + 6a,2*+4 4a,r-+44,=0, 
prove ; 
a(B+HYyNY+a)la+B(a+8)(B+8 (y +8) =11{3a,0,4, — 49a," +0,%0,}, 
The symmetric function in question is equal to (#-+v)(v+))(A+#), or 
2 S¥v—dwv, where à, #, v have the values of Ex. 17, Art. 27. 
19, Calculate the valuo of the symmetric function J/a—8)* of the roots 
of the biquadratic equation of Ex. 9, [Ans, 3p'—16p*q+20q*+4pr—16s, 
20. Show that when the biquadratic i3 written with binomial coefficients 
as in Ex, 18, the value of the symmetric function of the preceding example may 
be expressed in the following form :— 
a6 3(a—~B)§= 16{48 (aya, —A,")?--a9*(aga,—44,4 + 3a,*)}. 
21, The distances on a right line of two pairs of points from a fixed origin 
on the line are the roots («, 8) and («’, 8’) of the two quadratic equations 
ax +-2b2-+c=0, a’x*+2b’e+e'=0 ; 
prove that when one pair of the points are the harmonic conjugates of the other 
pair, the following relation exists :— 
ac’-+-a’c—2bb’=0, 
22. The distances of three points A, B, C on aright line froma fixed 
origin O on the line are the roots of the equation 
az) + 3ba*+3er+d=0; 
find the condition that one of the points A, B, O, should bisect the distance bot- 
ween tlie other two. 
Compare Ex. 15, Art. 27, [Ans. atd—3abe + 2b5=0. 
23. Retaining the notation of the preceding question, find the condition 
that the four points O, A, B, C should form a harmonic division. 
[Ans. a*d—3bed+2c8=0, 
This can be derived from the result of Ex. 22 by changing the roots into 
their-reciprocals, or it can bo easily caloulated independently, 
24. If the roots (a, 6, Y, 8) of the equation 
ax + sba? + 6cx?+ 4dz4-e=0, 
be so related that «—8, 8—8, y—8 are in harmonic progression, prove the rola- 
tion among the coefficients 
ace +-2bed —ad*—-b*e—c8 =0, 
Compare Ex. 18, Art. 27. 
25. Form the equation whose roots are 
_ By+oya+waB — By+o*ye+ oag 
“apoptoty '~ afu Btoy — 
where w?=1, and a, £, y are the roots of tho cubic 
az3+-3bz74-3cr+d=0, 
[Ans. (ac—b*)g*+ (ad —be)x+ (bd—ct)=0, 
Compare Exs. 13 and 14, Art. 27. 


26. Express 
(S8y—ya—a)(2y2—aB—Py)(248—By—ya) 
as the sum of two cubes. (Ans. (By+oya-+o7aB)*+ (BY +o*ya-+ exh)’. 


Compare Ex, 5, Art, 26. ‘ 
* 
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27. Express 
(e+y+2)+(2+oy+0%+(2+0%y +02)? 
in terms of 23+y?+2* and xyz, where o*=1. [Ans, 3(a3+y?+42*) +18ayz. 
28. If 


(a*-+-y2-+ 2% —3ayz)(x'? + y’24-29—3x'y’s')eaX* + Y24+Z*-3XYZ, 
find X, Y, Z, in terms of a, y, z; 2’, y’, 2’. 
Apply Example 4, Art. 26. 
[Ans. X=2x'+yy'+22', Yaoy'+ye’ +20", =m Hya zy” 
29. Resolve r 


; (a+B+y)*aBy—(By +ya+a8)* 
into three factors, each of the second degree in a, 8, Yy. 


[Ans. (a*+ By)(B*—ya)(y"—28)- 
Compare Ex. 18, Art, 24. 
30. Resolve into simple factors each of the following expression :— 
(1) (B—y) B +7 —2a) + (ya) (y +a—28) + (a—BI(a+ B—2y). 
(2) (B—y)(B-+Y—22)* + (y—2)(y+a—28)* + (a—6)(a+8—2y)*. 
[Ans. (1) 2x—8—)(28—y —a)(2y —a—ß). 
(2) —98—y)(y—a)(2—B). 
31. Find the condition that the oubic equation 
—px*+gqr—r=0 
should have a pair of roots Of the form a+ay/ ZI ; and show how to determine 
the roots in that case. 
If the real root is b, we easily find, by forming the sum of the squares of 
the roots, p'—2g=b*. The required condition is 
(p*—2q)(q*—2pr)—r?=0. 
22. Solve the equation 
a?—72?4202—24=00, 
wl.ose roots are of the form indicated in Ex. 31. [Ans. Roots 3, and 242+/ Zi. 
33. Find the conditions that the biquadratic equation 
xt — pxt+gx*—rz+4=0 : 
should have roots of the form a tay ZT, bby =T. Here thero must be two 
conditions among the ovefficients, as there are only two independent quantities 
involved in the roots. [Ans. p?—2q=0; r*—2qs=0. 
34, Solve the biquadratic 
at 4.4094 Bx? — 1202 4+900=0, 


whose roots are of the form in Ex. 33. [Ans. 3430 —1, —5¢ 6V TÌ. 
35. Ifatpv—1 be a root of the equation 
e+gr+r=0, 
prove that 2a will be a root of the equation 
a+ qr—r=0, 
36. Find the condition that the cub.c equation 
a+ pz*4+gr+r=0 


should have two roots a, 8 connected by the rolation «8 +1=9, 
[Ans. 14+¢+prt¢r?=0. 


H 
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37. Find the condition that the biquadratic 
w+ px +qz*+rz-+a=0 
should have two roots connected by the relation «8 +1=0, 
The condition arranged according to powers of s is 
14q+pr+r*+(p*+pr—2q—1)s-+(q—1)s*+s=0. 
38. Find the value of 3(a,—a,)* ayx,....-« an of the roots of the equation 


ARAPA 4 a8, +pa=90. 


This is readily reducible to Ex, 13. [Ans. (—1){Pi Pnn Pn}. 
39. If the roots of the equation f 
Got" 4na,” -14 — ni z3 az- eer +an=0 
be in arithmetical progrossion, show “bes they can bə obtained from the expres- 
sion 
et lay oa paler 
ag” Gg n+l 

by giving to r all the values L, 3, 5,...... »—1, when n is even; and all the values 
0, 9, 4; Oiii n—l, when n is odd, y 


40. Representing the differences of three quantities x, 8, y by a, Bp Yr 
as follows :— 
«,=2—Y, B=y—a, y=- ; 
prove the relations 
a +03+7=32,3,71 
oy +B +y =at HB HY y, 
aS th Hy = {a HHY aY 
These results can be derived by taking a, B, Yı to be roots of the 
equation a34gr—r=0 
(where the second term is absent since the sum of the roots=0), and calculating 
the symmetric functions Ja,°, Ya,*, Ja,5 iv terms of q and r. The process can be 
extended to form Ja,*, Ja,”. etc. The sums of the successive powers are, there- 
fore, all capable of being expressed in terms of the product «,8,y, and the sum of 
@?+8,2+7,"; the former being equal to r, and the latter to 
— 2B Yat Vier tab), or —2q. These sums can be calculated readily as follows :— 
By means of z? r—gqr, and the equations derived from this by squaring, cubing, 
eto., and multiplying by z or x*, any power of x, say x?, can be brought by suc- 
cessive reductions to the form 4+Baz+4Cz*, where A, B, O are functions of g anil 
r. Substituting o,, Py: Yı and adding, wa find J2,?=34A—2g0, The student can 
take as an ecercise to prove in this way Ja,’=79"r, Ja," = 1lgr(g*—r). 


CHAPTER IV 
TRANSFORMATION OF EQUATIONS 


29. Transformation of Equations.. We can in many in- 
stances, without knowing the values of the roots of an equation in 
terms of the coefficients, transform it by elementary substitutions, or 
by the aid of the symmetric functions of the roots, into another 
equation whose roots shall have certain assigned relations to the 
roots of the proposed. A transformation of this nature often facili- 
tates the discussion of the equation. We proceed to explain the most 
important elementary transformations of equations. 

30. Roots with Signs Changed. To transform an equation 
into another whose roots shall be equal to the roots of the given 
equations with contrary signs, let a, &g, @3) -s &m be the roots of the 
equation 

any pt" 24 pat"? seer + Pitt Pn =O. 
We have then the identity 
Anp- patt aee H Pn att Pa = (2--01)(8— 01)... (1 —an) ; 
changing x into —y, we have, whether n be even or odd, 
Y"— pay" + Pay"? one Pad F Pn (Y +H )Y + Oa) oY + an). 

The polynomial in y equated to zero is, theréfore, an equation 
whose roots are —a,, — g.s —Gn} and to effect the required trans- 
formation we have only to change the signs of every alternate term of 
the given equation beginning with the second. 

Examples 
1. Find the equation whose roots are the roots of 
28 +Tat 4 7x9—82*+40+1=0 
with their signs changed. [Ans 2 —Ta + Ta* 48a" 42—1=0, 
2. Chango the signs of the roots of the equation 
2748x5423—2 4 724+2—0. 
[Supply the missing terms with zero coefficients.) 
[Ans. 274825409 42°47e—2—0. 
31. To Multiply the Roots by a Given Quantity. To 
transform an equation whose roots are aj, a»,..., % info another whose 
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roots are ma, Mog,..., Moy, We change x into 4 in the identity of 
the preceding Article. Multiplying by m", we have ; 
y"-+mpiy" +m py 2+... -m"1py_y-+-mrpn 
= (y—may)(y—mag)...(y—may). 
Hence, to multiply the roots of an equation by a given quantity m, 
we have only to multiply the successive co-efficients, beginning with the 
second, by m, m3, m?,..., M", 

The present transformation is useful for the purpose of remoy- 
ing the co-efficient of the first term of an equation when it is not 
unity ; and generally for removing fractional co-efficients from an 
equation. If there be a co-efficient a, of the first term, we form the 
equation whose roots are agay, Gy%q,-.., Ug%n ; the transformed equation 
will be divisible by a, and after such division the co-efficient of. 4" 
will be unity. s i 

When there are fractional co-efficients, we can get rid of them 
by multiplying the roots by a quantity m which is the least common 
multiple of all the denominators of the fractions. In many cases 
multiplication by a quantity less than the least common multiple 
will be sufficient for this purpose, as will appear in the following 
examples : 

Examples 
1, Change the equation 
Sxt— 423 442? 22 41=0, 
into another the co-efficient of whose highest term will be unity. 
We multiply the roots by 3. [Ans. at—4a*+4122*_ 182 427=20, 
2, Removo the fractional co-officients from the equation ` 
2 : a4 + z—1=0. 
Multiply the roots by 6. [Ans. x*—3829+4242—216=0. 


3. Remove the fractional ¢2-efficients from the equation 
5 7 1 
a T s ig 7+ it 

By noting the factors which occur in the denominators of these fractions, 
we observe that a number much smaller than the least common multiple will 
suffice to remove the fractions, 1f the required multiplier be m, we write the 
transformed equation thus :— 

5 7 ms 
A s-m-y gm? z at yg? : 
it is evident that if m bo taken =6, each oo-sMisient will become integral ; hono 
we have gnly to multiply the roots by 6. [Ans, 2*—152*—14742—0, 
. 
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4. Remove the fractional co-efficients from the equation 
17 
0007 

The student must be careful in examples of this kind to supply the 
missing terms with zero co-efficients. The required multiplier is 10. 
[Ans. a44-30z?452024770 <0. 
5. Remove fractional co-efficients from the equation 


L 
990 


3 13 
Cy N 
zti t mti 0. 


zi— Zat pa 0. 
(Ans, xt—25294375x*—11700=0. 
32, Reciprocal Roots and Reciprocal Equations. To 


transform an equation into. one whose roots are the reciprocals of the 


roots of the proposed equation, we change x into z in the identity 


of Art. 30. This substitution. gives, after certain easy reductions, 


Lotte large A Pr- 
dat geht bth PtP 


mpeg) (a) 
pat ape y+ 5 


a(r- BY o-B)a(-3) 


hence, if in the given equation we replace x by 1/y, and multiply by 
y", the resulting polynomial in y equated to zero will have for roots 
the reciprocals of ay, a ,--+, %n- 

There is a certain class of equations which remain unaltered 
when x is changed into its reciprocal. These are called reciprocal 
equations, The conditions which must obtain among the 00-efficients 
of an equation in order that it should be one of this class are, by 
what has been just proved, plainly the following :— 

Pris Py maga ete., TE = Pami = = Pa: 

The last of {these conditions gives p,*=1, or pa=+1. Roci- 
procal equations are divided into two classes according as p, is equal 
to +1, or to —1. n 


(1) In the first case we have the relations 
Prn-1™ Pis Pa-1= Po: ss Pi=Pa-r ; 
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which give rise to the first class of reciprocal equations, in which the 
Co-efficients of the corresponding terms taken from the beginning and end 
are equal in magnitude and have the same signs. 
(2) In the second case, when p,=—1, we have 
Pn-1=—P1, Pn-2=— Pa etC., .., Pp=— Pn- 5 

giving rise to the second class of reciprocal equations, in which corres- 
ponding terms counting from the beginning and end are equal in magni- 
tude but different in sign. It is to be observed that in this case when 
the degree of the equation is even, say n=2m, one of the conditions 
becomes p,=—Pm, OF Pa=0 ; so that in “reciprocal equations of 
the second class, whose degree is even, the middle term is absent. 


If « be a root of reciprocal equation, 1/a must also be a root, 
for it is a root of the transformed equation, and the transformed 
equation is identical with the proposed ; hence the roots of a recipro- 


cal equation occur in pairs, «, i, oe etc. When the degree 


is odd there must be a root which is its own reciprocal ; and it is in 
fact obvious from the form of the equation that —1, or +1 is then a 
‘root, according as the equation is of the first or second of the above 
classes, In either case we can divide off by the known factor 
(+1 or x—1), and what is left is a reciprocal equation of even 
degree and of the first class, In equations of the second class of even 
degree *—1 is a factor, since the equation may be written in the 
form 
a"—1+ p,2(x"-89—1)+....=0. 

* By dividing by z*—1, this also is reducible to a reciprocal 
equation of the first class of even degree. Hence all reciprocal equa- 
tions may be reduced to those of the first class whose degree is even, and 
this may consequently be regarded as the standard form of reciprocal 
equations. ? 

Examples 
1. Find the equation whose roots are the reciprooals of the roots of 
a! — 3294 7a*+5e—2=0. 
[Ans, oyi — by? —Tyt+-8y—1e0, 
2, Reduce to a reciprocal equation of even degree and of first class 
pees ae att at a2—1=0, 
[ Ane. at a x + at F ttl=0s 
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33. To Increase or Diminish the Roots by a Given 
Quantity. To effect this transformation we change the variable in 
the polynomial f(x) by the substitution v=y -+A ; the resulting equa- 
tion in y will have roots each less or greater by A than the given 
equation in x, according as h is positive or negative. The resulting 
equation is (see Art. 6) 

sy. dot Ot yet =0. 

There is a mode of formation of this equation which for prac- 
tical purposes is much more convenient than the direct calculation 
of the derived functions, and the substitution in them of the given 
quantity h.. This we proceed to explain. Let the proposed equation be 


ags" + aya") a" rs Finit Tanl ; 
and suppose the transformed polynomial in y to be 
Ay" t Ay Aay" H +An-1 Y+An i 


since y=a—A, this is equivalent to 

Aah +AA)" oe . +An-(2—h)+An, 
which must be identical with the given polynomial. We conclude 
that if the given polynomial be divided by (x—h), the remainder is 
An, and the quotient 

A(z — h)" + A(x a-h)" seese fF An—a(@—h) + Ana ; 
if this again be divided by z—h, the remainder is An-1, and the 
quotient 

Aah- Aleh)" e H Ana 
Proceeding in this way, we are able by a repetition of arith- 

metical operations, of the kind explained in Art. 8, to calculate in 
succession the several co-effizients An, Ans, €t0., of the transformed 
equation ; the last, Ag, boing equal to a,. It will appear in a subse- 
quent chapter that tho best practical method of solving numerical 


equations is only an extension of the process employed in the follow- 


ing examples. 
5 


Examples 


_ 1. Find the equation whose roots are the roots > 
at —5a® + 7z*@—17z+11=0, 
each diminished by 4. 
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The calculation is best exhibited as follows :— 


eaa ee, u 
4 —4 12 —20 
=i 3 ae ee | 
4 12 - 60 
3 15 55 
4 28 
7 43 
4 
li 


Here the first division of the given polynomial by #—4 gives the remainder 
—9 (=A,), and the quotient 2*—a*+3c—5 (cf. Art. 8). Dividing this again by 
æ—4, wo get. the remainder 55 (=A,), and the quotient ##432415. Dividing 
again, we get the remainder 43 (=A,), and quotient +7; and dividing this we 
get A,=11, and A,=1; hence the required transformed equation is 

y*+ ly? + 43y2+ 55y —9=0 
2, Find the equation whose roots of 
a4 4¢3—2*+411=0, 

each diminished by 3. 


ie AO; 4 =i 0 n 

3 9 39 l4 342 
3 3 “38 m4 |353 
3 18 93 393 
6 31 131 507 
3 27 174 
pe ae 
3 36 

I | 94 

. arl 3 ae 

15 


The transformed equation is, therefore, 
y+ 15y4+4 94y3 + 805y*+ 507y +353=0. 
3. Find tho equation whose roots are the roots of 
4x5—2a3 + Te--3=0, 
cach increased by 2. 
The multiplier in this operation is, of course, — 2. 
[Ans. dy—40y!-+ 158y* — 308y* + 303y —120=0. 
4. Increase by 7 the roots of the equation 
Sat + 72*—l5a*4+2—2=0. 
[Ans. 3y4—77x*+4720y*— 2876y + 4058-0 
5. Diminish by 23 the rcots of the equation 
5a —132*—12z47=0. 3 oy 
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The operation may ce conveniently performed by first diminishing the 

roots by 20 and then diminishing the roots of the transformed equation again 

- by 8. The calculation may be exhibited in two stages, as follows, the broken line 
marking the conclusion of each stage :— 


“eae —12 1 
100 1740 34560 
37 1728 34567 
100 3740 19122 
“787 5468 53689 
100 908 
287 6374 
15 951 
“302 7325 i 
15 
317 
15 
332 [Ane, 5y®4332y?+ 7325y +53689=0. 


34. Removal of Terms. One of the chief uses of the trans- 
formationjof the preceding article is to remove & certain specified 
term from an equation, Such æ step often facilitates its solution. 
Writing the transformed equation in descending powers of y, we 
have 


ayy + (nagh-+ai)y" =! + (nl aptina tayt =0. 


If h be suchJas to satisfy the equation najh+a,=0, the trans- 
formed equation will want second term. If h be either of the values 
which satisfy the equation 

—l 
) a,h?-+-(n—1)ayh+a,=9, 
the transformed equation will want the third term ; the removal of 
the fourth term will require the solution of a cubie for h ; and so on. 
To remove the last term we must solve the equation f(h) =0, which is 
the original equation itself. 
Examples 
l. Transform the equation 
a§—6x*+4+42—7=0 
nto one which shall want the second term 
l nagh+a,=0 gives h=2, 
Diminish the roots by 2. [Ana. y2—8y—16=0. 
2. Transform the equation 
xt48234+2—5=0, 
into one which shall want the second term. 
Increase the roots by 2. 


[Ans. y*—24y*+ 65y—55=0. 
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3. Transform the equation 
zt —423—182?—32 + 2=0 
into one which shall want the third term. 


The quadratic for h is 
6h? —12h—18=0, giving h=3, h=—1. 


Thus there are two ways of effecting the transformation, 


Diminist.ing the roots by 3, we obtain 


y+ 8y?—1lly—196=0 = are | 
Increasing the roots by 1, we obtain 
y*—8y?+17y—8=0. ++e(2) 


35. Binomial Co-efficients. In many algebraical processes 
it is found convenient to write the polynomial f(x) in the following 
form :— 


n(n—1 n(n—1) 
1 


an4 naan- 3 ) ayan- a+ i An- +N yy Fan 


in which each term is affected, in addition to the literal co-efficient, 
with the numerical co-efficient of the corresponding term in the ex- 
pansion of (x-}-1)" by the binomial theorem. The student will find 
examples of equations written in this way on referring to Article 27, 
Examples 13 and 16. The form is one to which any given polynomial 
can be at once reduced. 

We now adopt the following notation : 


U,=aye"+ naya-3 4 Papen- sae E NOT T 


thus using U with the suffix n to represent the polynomial of the n‘* 


degree written with binomial co-efficients. 
We have, therefore, changing n into n—1, ete., 
» Un- = Agu" ++ (n— laa"? +... + (M1) dng? Hani 
U, =agr®+3a,2*+3a,2%-+4s, 
U, =ayx*+2a,r+aq, 
U, =a,t+%, 
U, =a. 

One advantage of the binomial form is that the derived func- 
tions can be immediately written down. The first derived function 
of U, is, plainly, ° 

nfa -14 (n— 1)" -2-4 Nea antt mtama A 
3 y 
or nU,n; ; 80 that the first derived function of a polynomial represent- 
cd in this way can be formed by applying to the suffix of U the 
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tule given in Art. 6 with respect to the exponent of the variable. 
Thus, for example, the first derived of U, is formed by multiplying 
the function by 4 and diminishing the suffix by unity; it is, therefore, 
4U;, as the student can easily verify. 


We proceed now to prove that the substitution of y+hA for x 
transforms the polynomial U,, or 


Gyx™-+-na,a"-1 4 des ayen- Fone + Nant Han, 
into 
Ayn Ayr ti Agy”*+....4+-0Agy+An, 

where ; 

Ahe Apr: padi 
are the functions which result by substituting 4 for x in 

Oy, Un User HO ea; Us ; 

te, Ay=%, Aj=ajh+a,, Ay=agh*+4-2a,h+-a,, eto. 


Representing the derived functions of fh) by suffixes, as ex- 
plained in Art. 6, we may write the result of the transformation, viz., 
S(y+h), in the following form :— 


+ hon FE) yt fea yong Sell) yn, 
flh) is the result of substituting h for æ in U,; it is, therefore, A, ; its 
first derived f,(h) is, by the above rule, nA,_,; the first derived of 
this again is n(m—1) Ana; and soon. Making these substitutions, 
we have the result above stated, which enables us to write down 
without any calculation the transformed equation, 


Examples 
Find the result of substituting y+h for z in the polynomial 
ag + 3a,2° 4 3ayr-+4a,. 
[Ans. agy?+ 3(ah+ a)y? 3 (ah? + 2a,h+-a,)y 4 agh? + 3a htt Barh tag 
The student will find it n useful exercise to verify this result by tho 


tnethed of calculation explained in Art. 33, which may often be employed with 
advantage in the case of slgebraical as well as numerical examples, 


2. Remove the second term from the equation 


ag? + 3a,2* + 3a,2 4 ayn, 
We must diminish the roots by quantity A obtained f-om the equation 


k -a 
aħ+a,=0, ie., h= CN f 
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Substituting this value of h in A,, and A,, the resulting equationiny » 
3 -a *a,—3a, 2a,* 
yea a) yp Seta m0, 


3. Find the condition that the second and third terms of the equation 
U,=0 should be capable of being removed by the same substitution, ` 

Here A, and A, must vanish for the same value of h; and eliminating 4 
between them we find the required condition. ` [Ans. aya,—@,*=0. 

4, Solve the equation 

294 622+ 127 —19=0 
by removing its second term. 

The third term is removed by the same substitution, which gives 

y?—27=0. 

The required roots are obtained by subtracting 2 from each root of the 
latter equation. 

5. Find the condition that the second and fourth terms of the equation 
Un=0 should be capable of being removed by the same transformation. 

Here the co-efficients 4, and A, must vanish for the same value of h 
eliminating h between the equations 

ah+a,=0, agh®+3a,h?+ 3a,h4-0,=0, 
we obtain the required condition 
aa, — 3000,0, + 2a3—0. 

N.B. When this condition holds among the co-efficients of a biquadratio 
equation its solution is reducible to that of a quadratic ; for when the second 
term is removed the resulting equation is a quadratic for y*; and from the values 
of y those of z can be obtained, 

6. Solve the equation 

a+ 1623+ 72224 642 —129=0 
by removing its second term, 

The equation in y is 
y*—24y?—1=0, 

7, Solve in the same manner the equation 

x44+2029-4.1432%4 430x 4 462=0, 
{Ans. The roots are —7, —3, —5 + y3. 


8.. Find the condition that the same transformation should remove the 
second and fifth terms of the equation U,=0. 


[Ans. a,%a,—40,2a,a, + 6agt,'a,—3a,4=0. 

36. The Cubic. On account of their peculiar interest, we 

shall consider in this and the next following Articles the equations of 

the third and fourth degrees, in connection with the transformation 

of the preceding article. When y+} is substituted for z in the 
equation * 

gx? -+3a,2?4-3a,7-+a,=0, + (1) 
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We obtain 
+34 y°43.4,y+4,—0, 
Where A), 43, 4; have the values of Art. 35. 
If in the transformed equation the second term be absent, 
A,=0, or hsi, 
%% 
Substituting this value of h in A, and As we find, as in Ex, 2 
Art. 35, 
% A, =a, —a,?, 49? =@,%a,—3a,a,0,42a,% ; 
hence the transformed cubic, wanting the second term, is 


V4 oe (amat4 a (0,0, Baya,a, +-24,9) 0, 


The functions of the co-efficients here involved are of such 
importance in the theory of algebraic equations, that it is customary 
to represent them by single letters. We accordingly adopt the 
notation 

a —a,*=H, aa, — 30ta, 4-20, EG ; 
and write the transformed equation in the form 


3H G {2 
y+ a,? as". +++(2) 

If the roots of this equation be multiplied by a, it becomes 
343H2+G—0; sila) 


a form which will be found convenient in the subsequent disoussion 
of the cubic, The variable, z, which occurs in tho first member of 
this equation, is equal to oY OF agta; ; the original cubic multiplied 
by a,* being in fact identical with 
(4y2+-a,)°4-3H (age +-a,)-+G, 

as the student can easily verify, 

If the roots of the original equation be «, B, y, those of tho 
transformed equation (2) will be 


or, since 
3a 
a+B+y= = T 
they may be written as follows :— 


H2a—8B—y), (28 —Y—2), 4(2y—« —). 


> 


es 
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We can write down immediately by the aid of the transformed 
equation the values of the symmetric functions 

E(2a—8—Y(2p—Y—a), (2a—B—y)(28—¥—2)(2¥—a—B) 
of the roots of the original cubic. The latter will be found to agree 
with the value already found in Ex. 15, Art. 27. 
- We may here make with regard to the general equation an 
important observation; that any symmetric function of the roots 
a, B, Y, 8, etc., which is a function of their differences only, zan be 
expressed by the functions of the co-efficients which occur in 
the transformed equation wanting the second term. This is obvious, 
since the difference of any two roots a’,B' of the transformed 
equation is equal to. the difference of the two corresponding roots 
a, B of the original equation; and any symmetric function of the 
roots a', B’, y’, 8’, etc., can be expressed in terms of the co-efficients 
of the transformed equation. For example, in the case of the cubic, 
all symmetrit functions of the roots which contain the differences 
only can be expressed as functions of a), H, and G. Illustrations of 
this principle will be found among the examples of Art. 27. 

37. The Biquadratic., The transformed equation, wanting 
the second term, is.in this case 

ayy$+6Agy?+4Ay+ A=0, 
where A, and A, have the same values as in the preceding article ; 
and where A, is given by the equation 
4,2Ag=a,%a4—4a,%0,4 4+ 644,%4, — 30". 

The transformed equation is, therefore, 


+p Saye Se Gut Ay (as —daghayay + 0an 30; =0. 
bel 0 0) 


We might if we please represent the absolute term of this 
equation by a symbol like H and G, and have thus three functions 
of the co-efficients, in terms of which all symmetric functions of the 
differences of the roots of the biquadratic could be expressed. Itis . 
more convenient, however, to regard this term as composed of H 
and another function of the co-efficients determined in the following 
manner :—We have plainly the identity ‘ 
a,!a,—4a,%4,0, + 6a,0,%a, —3a,$=4,"(ayaq— 40,05 +-3a,*) —3 (0013—10). 
This involves ay, H, and another function of the co-efficients, 
viz., s 

at, —4a,a,+3a,*, 


) 
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which is of great importance in the theory of the biquadratic. This 
function is represented by the letter 7, giving 


9°a,—4a,2a,a5+ 6a,4,°a,—30,4—a,2] —3H?, 
The transformed equation may now be written 


6H 4G | a3f—3Ht s 
Ae ae tat no. (1) 


We can multiply the roots of this eyuation, as in the case of 
the cubic of Art, 36, by a, ; and obtain 
24+ 6H2?+ 4421427320, (2) 
This form will be found convenient in the treatment’ of 
the algebraic solution of the biquadratic. The variable is the same 
as in the case of the cubic, viz., Arta; the original quadratic 
multiplied by a,3 being in fact identical with 
(atta, 6H (age +-a,)?4 4G(a,2-4-a,) +a,*J—3H2. 
Any symmetric function of the roots of the original biquadratic 
equation which contains their differences only can, therefore, be ex- 
pressed by a, H, G and J. 
Tf the roots of the original equation be a, B, Y, 5, those of the 
transformed (1) will be, as is easily, seen, 
4(3a—B—y—3), 4(33—y—3—2), 4(3y—8—a—8), 3(33—a —B—y). 
The sum of these=0; the sum of their products in pairs 


= Gr i the sum of their products in threes =— ck and for their 
o 


3 3 
continued product we haye the equation 
oBe B Y—3)(3B—y—3—a)(3y—3—a—P(33—a—8—y) 
=256(a,"I—3H?), 

There is another function of the co-efficients to which we wish 
now to call attention, as it will be found to be of great importance 
in the subsequent discussion of the biquadratic. It is the function 

arrived at in Ex, 18, Art. 27, viz., 
Att, + 2a, 0,0, —a,a,* —a,2a,— a’. 

This is denoted by the letter J. The example referred to shows 
that it is a function of the differences of the roots. It must, there. 
fore, be capable of being expressed in terms of a,, H, Q, and 7, We 
have, in fact, the identity 

aJ =a} HI— @?—-4H’, 
which the student can easily verify, 

Or this relation can be derived as follows :—Whenover a 
function of the co-efficients %, Gi, A}, etc., is the expression of a 


ae aaa 
i 
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function of the differences of the roots, it must be unaltered by the 
transformatioh which removes the second term of the equation ; 
hence its value is unaltered when we change a, into zero, @ into 
Ag, ay into A; ete. Thus 

Aytta + 2010313 — lgt —4,*04— a =4,4,A,--@,4;*— Ar ; 
substituting for Ay, As, Ay thoir values in terms of H, G, I, we easily 
obtain the above identity, which will usually be written in the form 

@ 44H? =a,2(HI—a,J). 

38. Homographic Transformation. The transformation 
of a polynomial considered in Art. 33 is a particular case of the 
following, in which x is connected with the new variable y by 
the equation 

Attu 
Y= Vath” 

If A=1, u=—h, 0’ =0, u’=1, we have y=2x—A, as in Art. 33. 

Solving for xin terms of y, we have 
p—u'y 
eat ey 

This value can be substituted for x in the given equation, and 
the resulting equetion of the n degree in y obtained. 

Let «, B, Y, 5, etc., be the roots of the original equation, and 
a’, B', Y’, 8’, etc., the corresponding roots of the transformed 
equation. From the equations 

72. Door p'= ABe o 


ga Natu” Neth” 
we casily derive the relation 
x AE (Aw'—A'pa— p) 


FVat BN B+ BY 
with corresponding relations for the differences of any other pair of 
roots. If we take any four roots, and the four corresponding roots, 
we obtain the equation 
i (a'—B' (Y — 8) _ (a— PYy—8)_ 
(a’—7')(8'—3') (a= ¥)(8—-8) ` 

Thus, if the roots of the proposed equation represent the 
distances of a number of points on a right line from a fixed origin on 
the line, the roots of the transformed equation will represent the 
distances of a corresponding system of points, so related to the 
former that the anharmonic ratio of any four of one system is 
the same as tat of their four conjugates in the other system. It is 
in consequence of this property that the transformation is called 


homographic. e 
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_ It is important to observe that the transformation here con- 
sidered, in which the variables x and y are connected by a relation of 
the form . 

4 Azy+Br+Cy+D=0, 
is the most general transformation in which to one value of either 
variable corresponds one, and only one, value of the other. 

39. Transformation by Symmetric Functions. Suppose 
it is required to transform an equation into another whose roots shall 
be given rațional functions of the roots of the proposed. Let the given 
function be ¢(a, ß, y...), where $ may involve all the roots, or 
any number of them. We form all possible combinations ¢ («, 8, y), 
$ (a, B, 8), etc., of the roots of this type, and write down the trans- 
formed equation as follows :— 


(y—9@ B Y--.)ify—d(a B 8...)]...=0. 
When this product is expanded, the Successive co-efficients of 
y will be symmetric functions of the roots a, B, Y, etc., of the given 
equation; and may, therefore, be expressed in terms of the oo- 


efficients of that equation. 
Examples 
1. The roots of 
w+ pz?+qge+r=0 

are a, P, y ; find the equation whose roots are a?, Poy 

Suppose the transformed equation to bo 

¥°+Py*+Qy+R=0 ; 
then 
‘ =P=attp tyt, Q= gapt, —R =alpry?; 
and we have to form the symmetric functions Xa’, Ja’ß?, a*pty? of the given , 
equation, We easily obtain 
Zat=p*—24, Zat =q—2pr, ataryt=rt, 
the transformed equation is, therefore, 
¥°—(p*—2q)y? +-(q*@—2pr)y—r*=0. 
2. Find in the same case the equation whose roots are a, B3, y3, 
(Ane. y?+(p*—3pq+3r)y* + (g°—3pqgr+3rt)y + rd, 
3. Ifa, p, Y» 8 be the roots of 
w+ prt oz*+re+s=0, 

find the equation whose roots are «?, p, ys 3%. 

Let the transformed equation be 

y'+Py*+Qy*+ Ry+S=0, 


—P= Jat, Q= Jats, —R= Jagt y’, Sa atptyt9. >? 
Compare Exs. 8, 17, Art. 27. 
(Ans. y*—(p*—2qy)?+ (q?—2pr-+-26)y*— (r*—2ga)y +stm 0. 


then 
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4. Ifa, B, y, 3 be the roots of 
agz* + 40,29 + 6a,2*-+44a,2-+a,=0; 
find the equation whose rots are À, #, v ; viz., 
By +a8, ya+B3, aB+73- 
See Ex, 17, Art. 27. 
[ ane. 4.0% y*+ Bf lam +009 —-— (2aga,* — 3000,0, +20,%a,)=0. 
o a a 


5. Show that the transformed equation, when the roots of the resulting 
cubic of Ex, 4 are multiplied by 4a, and the second term of the equation then 
removed, is 

23—Iz4+2J=0, 

40. Formation of the Equation whose Roots are any 
Powers of the Roots of the Proposed. The method of effecting 
this transformation by symmetric functions as explained in the pre- 
ceding article, is often laborious. A much simpler process, involving 
multiplication only, can be employed. It depends on a knowledge 
of the solution of the binomial equation 2*—1=0. This form of 
equation will be discussed in the next chapter. The general process 
will be sufficiently obvious to the student from the application to the 
equations of the 2nd and 3rd degrees which will be found among the 
following examples :— 

Examples 
1, Form the equation whose roots are the squares of the roots of 
aM 4 p aiH DytO-B+ eee HPna- + Pn=9. 
To effcot this transformation, we have the identity 
ah bps Apah. + Pn 12 HPnE(2— a) a). (Zp) § 
changing z inio —z, we derive, a3 in Art, 30, 
. a —pye™ Lipan ae EPn- 17 FEn=E(t +a THa) (+a); 
multiplying, we have 
(anpa pat) lre pa +...)? 
æ(z?— ei’) (2— a)... (2°—an?) ; 
itis evident tla the first momber of this identity contains, when expanded, only 
even powers of æ ; we may then rep!ace z? by y, and obtain finally 
y"+(2p,—p,7)y"* + (p? — 2p Pg +-2p4)y"—* my a (Y— erg") --e es (y— an’) 

The first member of this equated to zero is the required transformed 
equation, 

N.B. This transformation will often enable us to determine a limit to the 
number of real roots of the proposed equation, For, a square of a real root must 
be positive ; and, therefore, the original equation cannot have more real roots 
than the transfofmed has positive :00!s. 

2, Find the equation whose roots are the squares of the roots of 

at—z*4+8¢—6=0, [Ans, y9415y*4+52y—90=0- 
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42, Equation of Squared Differences of a Cubic.—We shall 
now apply the transformation explained in the preceding article to an 
important problem, viz., the formation of the equation whose roots 
are the squares of the differences of every two of the roots of a given 
eubiv. We shall do this in the first instance for the cubic 

+9r+r=—0, sso) 
in which the second term is absent, and to which the general equa- 
tion is readily reducible. Let the roots be a, B, y.. We have to form 
the equation in y whose roots are 
(8—7), (ya), (a8). 

We may here observe that the method of Art. 39 can be applied 
to the solution of the general problem, viz., the formation of the 
equation whose roots ere the squares of the differences of every two 
of the roots of a given equation ; for when the product 

{y— (01 — a) (y — (a. — æ) "{(y— (ay — a}... fy — (a%,—as)*}... 
is formed, the co-efficients of the successive powers of y will be sym- 
metric functions of a,, a, a, a, ete., and may, therefore, be expressed 
in terms of the co-efficients of the given equation. In the present 
instance, however, the method of Art. 41 leads more readily to the 
required transformed equation. This equation may be called for 
brevity the “ equation of squared differences” of the proposed equa- 
tion. Assuming y equal to any one of the roots of the transformed 
equation, e.g., (8—y)?, we have 


y=(B=ypmaty pt yar eeN, 
also 
a+ B84-y8— — 29, aBy=—r. 
The equation 9(z, y)=0 of Art. 41 tecomes, therefore, 
y=- = ; 
or 


a 4-(y+2q)z—2r=0 ; 
subtracting from this the pronosed equation, we get 


a) mee, AD 
(y+q)z—"r=0, or z y+4 
hence the transformed equation in y is 
y+ 69y*+9q%y + 4q°+ 27720, ++.(2) 


If it be proposed to form the equation whose roots are the 
Fquares of the differences of the roots (v, B, y) of the cubic 


a+ 3a,2°+ 3a,x+ a,=0, ++(3) 
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we first remove the second term ; the resulting equation is 
3H a 
3 a Sy tee 
PHa yt ro 
and the required equation is the same as the equation of squared 
differences of this latter, since the difference of any two roots is 
unaltered by removing the second term We can, therefore, write 
down the required equation by putting 
3H a 
a ae 
in the above. The result is 
18H 81H? 27 
+ ag xt “ae aara iasa U .. (4) 


which has for roots 


(B—v)*, (r—)*, (a8)? 
The equation (4) can be written in a form free from fractions by 
multiplying the roots by a°. It becomes then 
234 18H2?481H%x-+27(@*+4 4H*)=0, ..(8) 
whose roots are 
ap (BY), a (y — a), a (a—B). 

We can write down from this an important function of the roots 
of the cubic (3), viz., the product of the squares of the differences; in 
terms of the co-efficients :-— 

a,°(B—yv)*(¥—#)(a—B)P= —27(G? 44H"). --(6) 

It is evident from the identity of Art. 37 that Q?-+4H? contains 

aas a factor. We have in fact 
G44 =a {aa — baoth laty- 4g +4003 — 30a}. 

The expression in brackets is called the discriminant of the 

cubic, and is represented by A ; giving the identities 
@44M=a2A, HI—a E A. 
Examples 


1. Form the equation of squared differences of the cubic 
x—7r+6=0, [Ans, 2—42z%44412—400=0. 


2. Form the equation of squared differences of 
9460" 77+-2=0. . 
First romove the second term, [Ans. a? — 30a" +4-225a—68=0, 


3. Form the equation of squared differencss of 
“e = 34. 62? 4+ 97-+4=0. [Ans, —182t+8l2=0. 


4. What conclusion with respect to the roots of the given cubic can be 
dra vn from cf the resulting equation in the last example. é 
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43. Criterion of the Nature of the Roots ofa Cubic. We 
can from the form of the equation of differences obtained in Art, 42 
derive criteria, in terms of the co-efficients, of the nature of the roots 
of the algebraical cubic. For, when the equation (5) of Art. 42 has a 
negative root, the cubic (3) must have a pair of imaginary roots in 
order that the square of their difference should be negative ; and 
when (5) has no negative root, the cubic (3) has all its roots real, 
since a pair of imaginary roots of (3) would give rise to a negative 
root of (5). 

In what follows it is assumed that the co-efficients of the equa- 
tion are real quantities. Four cases.may be distinguished :— 


(1) When G?+4 4H? is negative, the roots of the cubic. are all real. — 
For, to make this negative H must be negative (and 4H?>Q?); the 
signs of the equation (5) are then alternately positive and negative, 
and, therefore, (Art. 20), (5) has no negative root ; and consequently 
the given cubic has all its roots real, 


(2) When G?+-4H? is positive, the cubic hast wo imaginary roots.— 
For the equation (5) must then have a negative root. 

(3) When G?+4H?—0, the cubic has two equal roots.—For the 
equation (5) has then one root equal to zero, In this case A =O, it 
being assumed that a, does not vanish. We may say, therefore, that 
the vanishing of the discriminant (Art. 42) expresses the condition for 
equal roots, 

(4) When G=0, and H=0, the cubic has its three roots equal.— 

_ For the roots of (5) are then all equal to zero. These equations may 
also be expressed, as can be easily seen, in the form 


4 Qa 4, 
which relations among the co-efficients are, therefore, the conditions 
that the cubic should be a perfect cube. 


44. Equation of Differences in General.—The goneral pro- 
blem of the formation, by the aid of symmetric functions, of the equa- 
tion whose roots are the differences, or the squares of the differences, 
of the roots of a givenequation, may be treated as follows :— 

Let the proposed equation be 

S(a) = (2#—a)(2—a,4)(2—a24)...(2— an) =9. 

Substituting 2+«,, for z and giving r the values 1, 2, 3,.., n, 

fr succession, we have the equations 
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Sz ay) =a(e-+ a —aq)(7+- ar— as)... (2+1 — an), 
fit+ a) = a(x +-oq—ay)(2+-0g—04,)...(C+Gg—On), . atiy 


Ntan) = (0+ tin 2) 2+ Og) (+ anan): 
Also, employing the expansion of Art. 6, and observing that 
{(«,)=0, we find the equation 


L yet a)at e+ ig etiga et tee, 


Denoting the second side of this equation by 9(z,,), and 
multiplying both sides of the identities (1), we obtain - 
P(T, 0) 9(%, Og) oe P(T, On) = {22 —( x —a2)"} {27 — (= 05)" } +e 
voo{a?— (an —@tn)"}- 


To form the equation of differences, therefore, we can multiply 
together the n factors 9(2, a), P(X, %), etc., and substitute for the 
symmetric functions of the roots which occur in the product their 
values in terms of the co-efficients. Or we may, as already explained 
in Art. 42, form directly the product of }n(m—1) factors on the right- 
hand side of the above identity, and express the symmetric functions 
involved in terms of the co-efficients. The roots of the resulting 
equation of the n(n—1) degree in v are equal in pairs with opposite 
signs. Since in this equation x occurs in even powers only, we may 
substitute y for z?, and thus obtain the equation of the jn(n—1)" 
degree whose roots aro the squared differences. 


For equations beyond the third degree the formation of the 
equation of differences becomes laborious. We shall give the result 
in the case of the general algebraic equation of the fourth degree ina 
subsequent chapter. 


Examples 


1, The roots of the equation 
a*—62z+1lz—6=0 
are a, B, y ; form the equation whose roots are 
Pty’, yta, ate. 
[Ans. y*—28y*+245y—650=0, 
2, The roots of the cubic 
24 20°4+324+1=0 
are a, ĝ, y ; form the equation whose roots are . 
1 1 1 1 1 1 1 1 1 
pipes pte pe ate ye 
e. [Ans, y®412y*—172y—2072—=0 


3. The roots of the cubic 
a 4qr+r=0 
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are «, B, y; form the equation whose roots are 


BHBYHY’, y'+yata’, af-+aB-+B% [Ans. (y+9)}=0. 


4. The roots of the cubic 
a4 pat t+ge+r=0 
being «, B, y ; form the equation whose roots are 
B+ 7?—a%, y2+-0°—B%, atp yt. 
(Ans. y*—(p*—2q)y*—(p'\—4p"q-+-8pr)y +-p*—6p'g+ 8p'r 
+8p*q*—16pqr+8r*=0, 
5. Ifa, B, y be the roots of the cubic 
a—3(14a-+-a*,2+1+43a43a"+2u9—0 ; 
prove that (8—+y)(y—a)(a—§) is a rational function of a. [Ans. 4£9(1+a+a*) 
6. Find the relation betwoen G and H of the cubic 
az +-3a,0*+43a,2-+a,—=0, 
when its roots are so related that (B—y;?, (y—«)*, (a—8)? are in arithmetical pro- 
gression. [Ans, @+42H*=0. 
1, Ifa, B, y, 8 be the roots of 
ctat_Qcta? + 27 10, 
find the value of 
(BP y*)"(at—84)* + (408) + (BY—34)"(a?— BA) ya 34), ae 
8, Prove that, if 
By+ya+o8-+a03+p8+3=0, 
{B= y)"(a—8)*+ (ya) 8—8)?+(e—Bi*y—3)"}* 
=18{(6*§—yt)"(at— 34)? +-(y*#— a8 Br 34)*-+ (apr yt). 
9. Solve the equation 
2—at4 824 _9715=0, 
which has one root of the form l+ay 7. 

Diminish the roots by 1 ; substitute afl for z; we find that « must 
satisfy at—32*_4—0, and at—6s*1.8—0 ; hence a=+2. Hence the factor 
#*—22+5, Tho other factors aro (7* 4.1) and (2*—3), as is evident, 

10. The roots of the cubic 
ag +-3a,2* 430,27 +0, =0, 
are a, B, Y ; form the equation whose roots are 
B+y, y+a, +B. 

This question has been alroady solved in Art. 41, We give here another 
solution which, although in this particular instance it is not the simplest, will be 
found convenient in many examples. Let the roots of the given equation be 
diminished by h. Tho transformed equation is (Art. 35). 

Ay? +3Ayy* +-3Ayy +A,=0, 
whose roots are a—h, B—h. y—h. Vio express the oondition that this equation 
should have two roots equal with opposite signs. This condition is (see Ex. 17, 
Art. 24) 
9A,A,—a,4,=0. 
This equation is a cubic in A whose roots are 
HB+y) Hy+a), Ha+8); 
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for the above condition is 


(B—A) + (y—h)=0, 
or 
2h=B+y, 
where 8, y represent indifferently any two of the roots, From the equation in 
A the required cubic can be fermed by multiplying the roots by 2. 
11. The roots of the biquadratic 
ayxt +-4a,2° 462,27" 444,24 a,=0 
are a, B, Y, 8 ; form the sextic whose mots are 
B+Y, Yte atB, «+8, B+3, +8. 
Employing the method of Ex. 10, the required equation ean be obtained 
from the condition of Ex. 20, Art. 24, 
The condition is in this oase 
64,414, -AA — aA, =. 
This is a sextic in h whose roots are §(B+ Y), etc., from which the required 
equation can be obtained as ia the last example. 
12, Form, for the cubic of Ex. 10, the equation whose roots are 
A a a tas BA a 
B+y—20’ y+a—2p’ a+B—2y° 
Diminish the roots by h, and express the condition that the resulting 
cubic should have its roots in geometric progression (see Ex. 18, Art. 24). The 
condition is 
A,°A,—a,4,°=0. 
This will be found to reduce to a cubic in h ; whose roots are the valuos 
above written, since - 
EES N AE E Aa a 
B+y—2a 
13. Form for the same cubic the equation whose roots are 
2By—aß—ay 2ya—Py—fa 2aß—ya—yß 
RA ee E 
Diminish the roots by h, and express the condition that the transformed 
cubic should have its roots in harmonic progression (s¢e Ex. 19, Art. 24). We 
have 


2 1 1 
ach ~p—ht yh 
2By—aß— 
or = cae A 
The equation in h is 
0)44*—3A,4,A,+24,°=0, 
which will be found to reduce to a cubic. ° 
14. The roots of the biquadratic 
aytt-+40,2°-4-6a,2" + bayt +0,=0 
are a, B, y, 8; find the cubic whose roots are 
By—23 ‘a—B8 aB—y8 
p+y—a—8" y+a—B—8 a+p—y—s° Š 
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Diminish the roots by h, and employ the condition of Ex. 22; Art. 24. 
The condition is in this case 
4,'A,--0,4,7=0, 
which reduces to a cubic in h whose roots are the values aboye written. 
16. Find the equation whose roots are the ratios of the roots of the cubic 
+go4+r=0, 
The general problem can be solved by elimination, Let Jiz)=0 be the 
given equation, and p= the ratio of two roots ; then since f(8)=0, we have 


f(pa)=0, also f(a)=0 ; and the required equation in p is obtained by eliminating 
« between these two latter equations. For the oubic in the present example the 
result is 
Pe*+0-+1)*+9%%(0-41)8=0, 
16. Ifa, B, Yy be the roots of 
@ + pat grtr—0, 
form the equation whose roots are 
Pitys tat, atp, ; 
(Ans, 7- Ugh — Dat + (pt—4p19-+.5g*— 2pr)2—(p'gs— 2p%r + dpqr—2q—1*) =O. 
17. Form for the same cubic the equation whose roots are 
a AS igh arc lt ae 
yO? ie y- p a 
[Ane. rt (pqr—3rjzt (p° r—5par+3r'+9°)® 
—(p*q?—2p*r-+-4pqr —2g*—r*)=0, 
18. Ife, B, y be the roots of the cubic 
P+gz-+r=0, 
form the equation whose rodte are 
lat+mBy, IB4+mya, ly +map. 
(Ana, y?—may*+(1*q-+ 3imr)y +r —ltmg*— 2lmigr — m'r. 
19, Tf a, B, y be the roots of the cubic 
atta wt 3a,7+a,=0, 
form the equation whose roots are 
(a—B)(a~y), (B—y)(B—a), (y—2)(y—B)- 
9H 
[ 4m. tor y 
20. Form, for the cubic of Ex. 19, the equation whose roots are 
(B—y)"2a—8 ~y)*, (y—a)%28—y—a)", (a—B)(2y—a—B)*, 
Tho required equation can be obtained by forming the equation of 
*(Mared differences of the cubic (4) of Art. 42, since 
(y—2)*—(a—B)*=(B—y)(2a—B—y). 
21. Form, for the cubie of Ex. 16, the equation whose roots are 
alB ~y)", Bly —a)*, y(a—B)*. 
Lot the transformed equation be 24 P2*+Qz4+R=0, 
[Ans. P=pq—9r, Q=q*—9pgr+27r?+-p"r. 
R= —1(4q* +2719 +-4-p%r —p'g*— 18pqr). 
22. Form, for the same cubic, the equation whose roots are 
@+2By, B42ya, y'-+2aß. 
[Ans, P= 2 Q=q(2p*—3q), —R=Ap*r—18p¢r +2g94+-27r° 
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CHAPTER V 
SOLUTION OF RECIPROCAL AND BINOMIAL EQUATIONS 


45. Reciprocal Equations. It has been shown in Art, 32, that 
all reciprocal equatians can be reduced to a standard form, in which 
the degree is even, and the co-efficients counting from the beginning 
and end equal with the same sign. We now proceed to prove that 
a reciprocal equation of the standard form can always be depressed to 
another of half the dimensions. 


Consider the equation 
C aa ax F 1 OE coe ee +a,2-+a,=0. 
Dividing by z™, and uniting terms equally distant from the 
extreme, we have 


a,(2" +5 )-+a4 (z+ A )+ conser tgaa( 24+) +4_=0. 


Assume z+ + =z, and let 2043, be denoted for brevity by 


Vy. We have plainly the relation 
Ver =V2—Vo-- 
Giving in succession the values 1, 2, 3 eto., we have 
V,=V,2z—V =2*—2, 
Vs=V.2—V,=2*—3z, 
Vi=V 2—V, = 24 — 42° 4-2} 
V.=Ve—V3=28—522+52 ; 
and so on, Substituting these values in the above equation, we get 
an equation of the m‘* degree in z ; and from the values of z those ot 
x can be obtained by solving a quadratic. 


Examples 


1, Find the roots of the equation 
a +at+otetto+1—0, 
Dividing by +1 (see Art. 32), we have 
spay 10, 
This equation may bo depressed to the form 
2?—1=0, giving z= +1 


. 


whence sp =l, 244 =l 
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and the roots of these equations are 
144/=3 —14V=3 
Sg 


2. Find the roots of the equation 
2328 + Sat —Gart+ 3281 —0 
Dividing by z*—1, which may be done briefly as follows (see Art. 8), 
cS iy tears pee Seem | 
1 -—3 3 —2 1 
—2 $ -3 l 0 
we have the reciprocal equation 7 
a — 2a + 3at— 274.1 =0, eel) 


1 Tt So 
= (#+3) -2(2 +r )+8=0. ; 
Substituting for V, zt—4z142 ; and for V,, z°—2, we have the equation 


#46244. 9=0, or (2*—3)*=0, 
whence — 2#=3, and z= +43, 


1 
giving apiuys, z+- =- V3; 
and the roots of these equations are 


84V-1 -V3iv-1 
ia ales a 


These roota are double roots of the equation (1). 
3. Solve the equation 


w—l=0, 
Dividing by z—1 we have 


A+ + att et led; 
frora which we obtain 


242-120, 
Solving this equation, we have the quadratics 
P+H1+/5)e+1—0 
ze #44(1—5)x+1=0, 
from which we obtain 


a=#{—1+075+(104 205)! VZT), 
where 641, 
This expression gives the four values of z. 
4. Find the quadratio factors of 
z+1—0, 
Transforming this, we have 
? 2-320, 
whence z=0, and z= 4/3, 
The quadratic factors of the giv 1 equation are, therefore, t 
+10, zt tzy3+l=0. 3° 
5. Solve the equations 
' (B) (142) zt), () (4 epma(l 4+2). 


) 
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6. Reduce to an equation of the fourth degree in z 


(1+2) (l—z)§ 
Tat + oar 72 


[Ans, (1—a)z*4-(7+3a)2*—(4+2)=0. 

46. Binomial Equations. General Properties. In this and 
the following articles will be proved the leading general properties of 
binomial equations. 

Pror. I.—If « bean imaginary root of z*—1=0, then a™ also 
will be a root, m being any integer. 

Since « is a root, 

a"=1, and, therefore, (a")"=1, or (a™)"=1 ; 

that is, a™- is a root of z*—I=0. 

The samc is true of the equation x*+-1=0, except that in this 
case m must be an odd integer. 

47. Pror. II.—If m and n be prime to each other, the equations 
x™—1=—0, 2"—1=—0 have no common root except unity. 

To prove this we make use of the following property of 
numbers :—If m and n be integers prime w each other, integers a and 


b can be found such that mb—na=+1. For, in fact, when = is turn- 


ed into a continued fraction, $ is the approximation preceding the 
final restoration of Z, 


Now, if possible, let « be any common root of the given equa- 
tion; then 


. a™=1, and a"=1; 
therefore a™—], and a"s=1 ; 
whence almana) 1, or a +} =], ora=l ; 


that is, 1 is the only root common to the given equations. 

48. Prop. III.—If k be the greatest common measure of two in- 
tegers m and n, the roots common to the equations «™—1=0, and x"—1 
=0, are roots of the equation a*—1=0. 

To prove this, let s 

m=km', n=kn'. 

Now, since m’ and n’ are prime to each other, integers band a 
may be found such that m'b—n'a=+1 ; hence 

mb—na= +k. 
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If, therefore, « be a common root of z™—1=0, and 2*—1=—0, 
almb-na)—], or gt=1; 
which proves that a is a root of the equation z*—1—0. 

49. Prop. IV.—When n is a prime number, and a any imagin- 

ary root of x"—1=0, all the roots are included in the series 
Peete ages 05 On 

For by Prop. I, these quantities are all roots of the equation. 
And they are all different ; for, if possible, let any two of them be 
equal, , at=, 
whence at-0=l1 ; 
but, by Prop. II, this equation is impossible, since » is necessarily 
prime to (p—q), which is a number less than n. 

50. Pror, V.i—When n is a composite number formed of the 
factors p, q, r, etc., the roots of the equations x? —1=0, z7—1=0, 2’—) 
=0, etc., all satisfy the equation x«"—1=0. 

For, consider a root « of the equation x*—1=0 ; then «’=1 ; 
from which we derive - 
(at)... =1 ; or a"—1=0; 
which proves the proposition. 

51. Pror, VI.—When n is a composite number formed of the 
prime factors p, q, r, etc., the roots of the equation z"—1=0 are the n 
terma of the product 

(lHatatt... Ha 484... +B L+ Yt FY ee 
where a 48 a root of:z*—1=0, B of x? —1=0, y of x’ —1=0, ete. 

We.prove this for the case of three factors p, q,r. A similar 
proof applies in general. Any term, e.g., «°}°y*, of the product is 
evidently a root of the equation 2*--1=0, since a=], p’r=1, 
y"=1, and, therefore, (a*y‘)"=1. And no two terms of the 
product can be equal; for, if possible let «°*y* be equal to another 
term arBh'ye ; then a2 =p-""—y¢-’, The first member of this 
equation is a root of z*—1=0, and the second member is a root of 
afr—1=0. Now these two equations cannot have a common root 
since p and gr are prime to each other (Prop. TI) ; hence alphy" cannot 
be equal to «’B*’y*’, 

52. Pror. VII.—The roots of the equation x*—1=0, where 
n=p°gh", and p, q, r, are the prime factors of n, are the n products of 


the form aby, where « is a root of x” =1, B a rout of a? =1,and y of 


rt 
z” =l; iS 

This is an extension of Prop. VI to the case where the prime 
factors occur more than once in n. The proof is exactly similar. 


THE SPECIAL NTH ROOTS OF UNITY 77 


Any such product afy must be a root, since a®=1, i" =1, y*=1, n 
being a multiple of p%, g’, r°; and a proof similar to that of Art. 51 
shows that no two such products can be equal, since p°, q, r° are 
prime to one another. We have, for convenience, stated this pro- 
position for three factors only ofn. A similar proof can be applied 
to the general case. 

From this and the preceding propositions we are now able to 
derive the following general conclusion .— 

The determination of the n'* roots of unity is reduced to the case 
where n is a prime number, or @ power of a prime number. 

53. The Special Roots of the Equation 2"—1=0. Every 
equation a"—1=0 has certain roots which do not belong to any equa- 
tion of similar form and lower degree. Such roots we call special 
roots* of that equation, or special nt” roots of unity. Ifn be a prime 
number, all the imaginary roots are roots of this kind. Ifn=p*, 
where p is a prime number, any nt* root of a lower degree than n 


-1 

must belong to the equation Epi =0, since every divisor of p° is 

a divisor of p*-? (except n itself) ; hence there are p° ( 1-=.) roots 

which belong to no lower degree. If, again, n=p'q, where p and g 
: Ly 1 

are prime to each other, there are p* ( SE p and ¢( 1— 7 bs 


cial roots of x” —1=0, and 2? 1 =0, respectively. Now, if æ and 
B be any two special roots of these equations, «f is a special root of 
a—1=0 ; for if not, suppose (aB)™=1, where m is less than n; we 


have then «™=$-™; but a” is a root of —l=0, and B-™ is a root 


of z? =0, and these equations cannot have a common root other 

than 1, as their degrees are prime to each other ; consequently m 

cannot be less than n, and af is a special root of a*—1=0. Also, as 

there are i i i ; 
(1-5) a(i- 5 (1T) 

such products, there are the same number of special n‘* roots. This 

proof may be extended without diffeulty to any form of n. 

All the roots of z"—1=0 are given by thè series 1, a, a%,..., a); 
where « is any special n'* root. For it is plain that «, a? etec., are all 
roots. And no two are equal ; for, if «=a, a(4-®=1; and, there- 
fore, « is not a special nt^ root, since p—q is less than n. 


*The term “special root” is here used in prefsrence to the usual term “‘pri- 
mitive root,” since the -latter has a different signification in the theory of 
numbers, 

e 
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When one special n'* root a 3 given, we may obtain all the other 
special n' roots of unity. 

Since « is a special root, all the roots l, «, o%,...,a"-? are 
different n‘* roots, as we have just proved ; and if we select a root a 
of this series, where p is prime to n, the roots 

a, ah., aD, o."4(= 1) 
are all different, since the exponents of « when divided by n give 
different remainders in every case; that is, the series of numbers 
0, 1, 2, 3,......,2—1 in some order; whence this series of roots is the 
same as the former, except that the terms occur in & different order. 
To each number p. prime to n and less than it (1 included), corres- 
ponds a special nit root of unity ; for a™? cannot be equal to 1 when 
m is less than n, for if it were we should have two roots in the series 
equal to 1, and the series could not give all the roots in that case ; 
therefore, a? is not a root of any binomial equation of a degree 
inferior to n ; that is, « is a special n‘* root of unity. What is here 
proved agrees with the result above established, since the number 
of integers less than n and prime to it is, by a known property of 
numbers, n ( 1— =) 1— + ) when n= p°g?, which is also, as above 
proved, the number of special roots of 2*—1=—0. 

Examples 

1. To determine the special roots of 2*—1=0. 

Here 6=2x3, Consequently the roots of the equations a*—l=0, and 
g—1=0 are roots of z*—1=0. Now, dividing #*—1 by 2*—1 we have +1; and 
dividing 2*-+1 by as or z+1, we have z*—241=0, which determines the 
special roots of z*—1=0. 

Solving the quadratic, the roots are 

ft 14V- aa ec 
2 aap 1 a. ae * 
also since aaj=l=at, 
a,=a', 
which may be easily verified. 
The special roots are, therefore, 


a, aš; or a,*,a@,; ora, 4 
2. To discuss the special roots of z#*—-1=0. 


Since 2 and 3 are the prime factors of 12, and a ee T + =4, the rools 


` of zt% 1=0, and zt—l=0, are roots of z—1=0; now, dividing mtl by zt], 


J 
) 


° 
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and 2*—1, and equating the quotients to zero, we have the two equations 
a+4244+1—=0, and z+1=0, beth of which may be satisfied by the special 
roots of z!#—1=0 ; therefore, waking the greatest common measure of a*+a4+1, | 
and «+1, and equating it to zero, the special roots are the roots of the equation 
at—a®+1=0. 

The same result would plainly have been arrived at by dividing #*—1 by 
the least common multiple of z'—1 and z*—1. Now, solving the reciprocal equa- 


tion w—2?+1=0, we have «+ 1 atv; whence, if « and a, be two special 


roots t 
1 ) V8iV—1 +) -vV3+V I 
(ez ee DR (e» =, = oo. 
are the four special roots of z!*—1=—0, 


We proceed now to express the four special roots in terms of any one of 
them a. 


1 1 1 
Since atta ts or (a+) (i+) =® 
we take a,——1 (as consistent with the values we have assigned to a and a) ; 


and since « and a, are rosts of æ«t+1=0, a'=—l1, and aml =a. The roots 


a, oy, LA; ES may, therefore, be expressed by the series a, «5, a’, at, since 
alt= 1 . A 
Further, replacing « by a’, a’, «ìt, we have, inoluding the series just deter- 


mined, the four following series, by omitting multiples of 12 in the exponents 
of a :— 


a, as a, ani, 
aš, a, al, a’, 
a’, a, a, a’, 
al, a’, aS, a, 


where the same roots are reproduced in every row and column, their order only 
being changed. We have, therefore, proved that this proporty is not peculiar to 
any one rcot of the four special roots ; and it will be noticod, in accordance with 
what is above proved, in general, that 1, 5, 7 and 11 are all the numbers prime 
to 12, and less than it. We may obtain all the roots of z1?—1=0 by the powers 
of any one of the four spcial roots œ, aë, «7, al, as follows :— 


a, as ah at ny anaia a Oe a rl 
a’, a, at, at a a alt, at, af af a’, 1 
a’, a, a’, at, a, at, a, a’, a, at, a’, 1, 
et, al,. (at) 8, waat,, ate meh et ae al, a, 


3. Prove that tho special roots of 2%5—1=0 are roots of the equation 

2§—27?-+25—at+23-2+1=0, 

4. Show that the eight roots of the equatiom#in the preceding example 
may be obtained by multiplying the two roots of z*4+241=0 by the four 
roots of 

w+z3+27+2+41=0. 

5. Form “the equation of the 12th degree whose roots are the special 
roots of zt! 1=0, and reduce it to one half of the dimensions, 

[Ans. 2t=25— Gxt + 6x2 + 82*—8e+1—0, 
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54. Solution of Binomial Equations by Circular Func. 
tions. We take the most general binomial equation 


a=atby—b 
where a and 6 are real quantities. 
Let a=R cos a, b=R sin a; 
then a%=R(cos a-+/ —1 sin a) ; 
now, if r(cos 6-+4/—1 sin 6) 


be a root of this equation, we have, by De Moivre’s Theorem, 
rn (cos n0+4/—1 sin n0)=R(cos a++/—I sin a) ; 
and, therefore, 
r” cos nO=R cos a, 
r” sin nO=R sin g. 
Squaring these two equalities, and adding, 
rn — R, giving "=R; 
where we take R and r both positive, since in expressions of the kind 
here considered the factor containing the angle may always be taken 
to involve the sign. 
We have then 
cos nf=cos a, sin nO=sin « ; 
and, consequently, 
n0=a--2kn, 
k being any integer ; whence the assumed n™ root is of the general 
type 


VR (cos i nes —— ): 


Giving to k in this expression any n consecutive values in the series 
of numbers between —co and + co, we get all the n™ roots, and no 
more than n, since the n values recur in periods, 


We may write the expression for the n root under the form 
VR (cos ~ 4v Tsin £ )}(oos iiy sin =~ ). 
If we now suppose R=1, and «=0, the equation BEES 
becomes z”=1-4-0y—]1 ; the general type, therefore, of an n root 
of 140 J/—l, or unity, is 


cos ale V¥—Isin A 
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If we give k any definite value, for instance zero, 

a Zr E 
Y/R ( cos ry sin =) 
is one n“ root of a+b V — I. - 

The preceding formula shows, therefore, that all the nt” roots of 
any imaginary quantity may be obtained by multiplying any one 
of them'by the n'™ roots of unity. 

Taking in conjunction the binomial equations 

a =a+ 4/1, and 2*"=a <b ER 
we see that the factors of the trinomial ` 
z?n —2R cos o.z"+R? 


are 
VR f cos ate yT i i 


n 


where k has the values 0, 1, 2) Sanal 
Examples - 


1. Solve the equation «7—1=0. 
Dividing by z—1, this is reduced 
equation. z 


to the standard form of reoiprooal 


Assuming z=% + a , wo obtain the cubic 


z3421—2z2—1=0, 
from whose solution that of the required equation is o 
[Ans, Tx(e+ 1)(z*4+2+41)* 


2, Resolve (#-+1)7—z?—1 into factors. 

3. Find the quintic on whose solution that of the binomial equation 
x1t_1=0 depends. : (Ang: 254-21 42324 8240. 

4. When a binomial equation is reduced to the standard form of reci- 
procal equation (by division by x—1, 7+1, or z*—1), show that the reduced 
equation has all its roots imaginary. (Cf: Examples: 15, 16, p. 26). ' 

5, When this reduced reciprocal equation is transformed by the substi- 


: show that the equation in # has all its roots real, and situated 


bta'ned. 


1 
tution z=% -+ r 


between —2 and 2. 
For the roots of the equation in 2 are of the form cos a+ V XT sin a (see 


Art, 54) ; hence 7+ ke is of the form 2 cos x, and the value of this is real and 


between —2 and 2. 
6. Show that the foliowing equation is reciprces., 
4r x +-1)?—272%(2—1)*=0- 
[Ana. Roots ; 2, 2,4} —}, --!- 


and solve it :— 


2, Exhibit all the roots of the equation x? —1=9. 
The solution of this is reduced to the solution of the three cubics 


2-1-0, 2-e=0. P-a; 
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where, #, * are the imaginary cube roots of unity. The nine roots may be re- 
presented as follows :— 


a, ce ae O, at; or ot, KA pi. 
Excluding 1, œ, w*, the other six roots am special roota of the given 
equation ; and are the roots of the s»xtic 
z*+284+1=0, 
8. Reducing the equation of the 8t* degree in Ex. 3, Art, 53, by the sub 
stitution saat, we obtain 


td dz41—0 -~ 
prove that the roots of th’s eq. ation are 
2 008 2%. 2 c03 AF 2 05 & 2 o00 Loe 
15’ 16 15’ 15 
9. Reduco the equation 
: gxt 95134-3572 —3402-464—0 
to a reciprceal equation, and solve it, 
Assume tae t+—. {Ans, Roots: }, |, 4, 16 | 
10 Bolve the equation ` | 
a4+-mpx§ + m*gz?+.m3px+-m+—=0, | 

Dividing the roots by m, this reduces to a reciprocal equation, 

11. Tf æ bean imaginary root of the equation «”—1--0, where nis a prime 
number ; prove the relation 

(l—a)(1—a)(1 —a?)......(1—a®-1)=n. 

12. Show that a cubic equation can be reduced immediately to tho reci- 
procal form when the relation of Ex, 18, Art. 24, exists amongst its co-efficienta, 

13. Show that a biquadratic can be reduced immediately to the reciproca 
form when the relation of Ex. 22, Art. 24, exists among its co-efficienta, 

14. Form the cubic whose roots are 

atat, atat, atta’, 

where a is an imaginary root of «?7~1~=0, [Ans, 2*+42*-22—1=0. 

When the roots of this cubic are known, the solution of the equation 
z’—1=0 may be completed by means of quadratics, For, suppose the three root ) 
to be 2, Z, 75; then « and a are the roots of z*~2,2+4+1=0; aè and a! of 
2—2,2+1=0, and a? and aô of a*—~z,2+1l=0, It is easy to see that the roota of 
the cubic are all real, and they may be readily found approximately by 
the methods of Chap, X, 

15, Form the cubic whose roots are 
Rebtel tas aks oF tall 4410 ahs at at a’, 
where a is an imaginary root of r!43—1—0, [Ans, 2§42°—4241=0, 

As in the preceding example, when the roots of the cubic (which are all 
real) are known, the solution of the binomial equation z¥—1—0 may be com. 
pleted by solving quadratics, Let Zy ža, z, be the roots of the cubic. It is easily 
scen that a-z! and «+0 are the roots of z*#—a,742,=0; a*+ at and a +419 of 
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z'—2,2-4+2,=0, and at +o? snd afa? cf 2*—z,e+2,=0. When these quadratics 
are solved, each pair of roots a, a-*: a, aS, etc., may be found by the solution of 
another quadratic, as in tle preceding example, 

16, Reduce to quadratics the solution of z17—1=0. 

Calling « one of the imaginary roots, we form the quadratic whose 
roots are 

aza fe fold tS Hattas atta’, 
ty =a? apaspay alt + a? ott + af, 
We easily find a,a,=4(7,+¢2:)=—43 hence o, and a, ‘are the roots of 
2*4@—4=0, and may be found by solving this quadratic. Assuming, again, ` 
paata +a! -tat. | Y= aS od alt a’, 
B= talasha? yaaa tallaa", } 
it is seen that B, P, are the roots of 2t-a,c-1=0, and Yy Ya of 
z?—a,c—1=0. Separating again each of these into two parts, and forming the 
quadratic whose roots are, for example, «--a!* and a!#+aé, the sums of the rcots 
in pairs are obtained ; and finally the roots themselves, by the solution of quad- 
ratios, as in the preceding examples. 

This and the preceding two are examples of Gauss’s method of solving 
algebraically the binomial equation x*—1=0 when n is a prime number, The 
solution of such an equation can be made to depend on the solution of equations 
of degree not higher than the greatest prime number which isa factor in n—I. 
When n=13, e.g., the solution depends on that of a cubic, n—1 being=3-2? in 
that case ; and when n=17, the solution is reducible in quadraties, n—1 being 
then=2*. For the application of Gauas’s method it is necessary to arrange the 
n—1 imaginary roots in & suitable order in each case according to the powers 
of any one of them. A “primitive root” of a prime nnmber n possesses the pro- 
perty that when raised to successive powers from 0 to n— 2 inclusive, and divided 
in each case by n, the n—1 remainders are all different. (See Serret’s Cours d 
Algebre Superieure, Vol, If. Scc 3), There are several such primitive roots of any 
prime number ; ¢-7., 2, 6, 7, and 11 of 13, and 3, 5, 6, 7, 10, 11, 12 14 of 17, Gauss 
arranges tho imaginary roots §0 that the successive indices of any one of them, 
x, are the successive powers from 0 to n—2 of any primitive root of n. Taking, for 
example, the lowest primitive root of 13, and dividing the successive powers of 2 
by 13, we get the following series of remainders— t 

1.2 é § (8. 6 13 31 o o IOa; 


and these, therefore, are the successive powers of « in order when the indices 

which exceed 13 are reduced by the equation a¥=1. Tf the lowest primitive root 

of 17 be treated in the same way, we get the following series of remainders :— 
13 9 10 13 5 15 11 16 M4 8 7 4 12 2 6. 

On comparing these series with the assumptions above made, it will be 
observed that in the former case, viz, n=13, the twelve roots wero divided into 
three sums of four each, and in the latter case into two sums of eight each, The 
method of partition in any case depends on the nature of the factors of n—1; 
and it is not dificult to show in goneral that the Product of any two such groups 
is equal to the sum ¢ f two or more, as the student will have observed in 
the partioular applications given above. 

The lowest primitive root in any particular case ig the only one necessary 
to be known for the applicat ion of Gauss’s method; and this can usually 
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be found without difficulty by trial. Tt may be observed that one or other of the 
three simplest prime numbers 2. 3, 5, 1s a primitive root in the case of every 
prime number less than 100, with exception of 41 and 71, whose lowest primitive 
roots are 6 and 7 respectively. Methods of finding all the primitive roota are 
given in the section of Sorret’s work above referred to. 

17. Find by trial the lowest primitive root of 19, and hence show how to 
solve the equation x!?—1—0, 

It is readily found that 2 is a positive root, arid the remainders after 
division by 19 are given in the Process of trial. Since 183.2, the solution will 
be effected by cubics and quadratics. The first cubic is found by forming the 
equation whose roots are 

oP x? gl 4 gett lt, 
apatya gir ad + od, 
attal- ao add og 010, - 

18. Show that of binomial equations whose degree is a prime number the 
lowest after 22’—1—0 whose solution depends on quadratics is 2%? 1—0, 

The next prime number after 257 which satisfies the condition that n—1 
is a power of 2 is 65537, We have, therefore, the serics 3, 5, 17, 257, 65537, eto. , 
and Gauss remarks (Disquisitiones Arithmeticoe, Art. 365) that the division of a 
circle into n equal parts, or the description of a regular p lygon of n sides can be 
effected by geometrical constructions when n has any of these values. 

k 19, Tf a, a. 2;...-, & bo the roots of the equation 


OEP panai. Patpa =0, 
form the equation whose roots are 


ati 


1 
+ Xe Pes Pel, Bi g =. 
2 an 
We have here the identity 
a a a nS RE HPna (z—a)(2--2,).. (1-an); 


and changing z into = (see Art, 32), 


r . 1 3 n 
Multiplying together these identities, and dividing by z^, the factors on 
the right-hand side take the form e+ 3 A («+ $ ) ; and assuming 2 44 =f, 
. p « 
` the left-hand side ean be expressed as a polynomial of the n/* degree in z by 
` means of the relations of Art, 45, 
2). Find tie value of symmetric function 3a*8*(-y —3,? of the roota of the 
equation 
art tiant- Gae? 4a +a,=0. , 
This can be dorived from the result of Ex, 19, p. 41, by changing the roots into 


A A 1 Iy 
their reciprocals, forming a 8 ) of the transformed equation, and multi- 


. 2 
plying by at 8**8*, which is equal to 25, 
a 
{elns. a Ja Bry —3)*-- 48(a,"—a,0,). 
From the values of t'is symimətric functions given in Chapter III severul 
others oan bo obtained by the Process hore indicated, 
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21, Find the value of the symmetric function Ja, — ag)? %0? „an? of the 

roota of the equation 
age" nae” -}-+—T eS 5) an-s., 2 $NGy -+a =). ° 

We easily obtain tne Lee ies —aga,); and changing the 

roots into their reciprocals we have 
aS (a, — Hg)? Atg. =n —1)(4q m An ~an). 
22. Show that the five roots of the equation 
a — 5px + Sp*x+2q=0 
are f/a+hyr, 0 v/a +04 5/b, 6? fate yb, 
6 Re +0 S/o, 6 R/a+0* 57b, 

where 4/ab=p, a+b= —?2q, and 0 is an imaginary fifth root of unity. 

N.B.—A quintic reducible to this form can consequently be immediately 
solved. 

23. Write down trigonometrice) expressions for the roots in the preceding 
example ; and, p being supposed essentially positive, prove— 

(1) when p' <q’, the 109ts are one real and four imaginary; 

(2) when p5>q*, the 10ts are all real ; 

(3) when p’=g?, there is a square quadratic factor. 


24, Find the following product, where 0 is an imaginary fifth root of _ 


unity :— 
(a+B+-)(«+08-+64y)(a +078 + 0%)(a-+095 + 6%y)(a-+ 098 +6). 
[Ans. «5+ f5+y5—5aBy(a*—By). 
25. Form the biquadratic equation whose roots are 
a+2at, 24903, 234208, at + Der, 
where « is an imaginary root of 25—1=0, [Ans, 24 4-329—2*—3x+411=0, 


/ 


CHAPTER VI 
ALGEBRAIC SOLUTION OF THE CUBIC AND BIQUADRATIC 


55. On the Algebraic Solution of Equations. Before pro- 
ceeding to the solution of cubic and biquadratic equations we make 
some introductory remarks, with a view of putting clearly before the 
student the general principles on which the algebraic solution 
of these equations depends, With this object we give in the present 
Article three methods of solution of the quadratic, and state as we 
proceed how these methods may be extended to cubic and biquad 
tatic equations, leaving the.subsequent Articles the complete deve 
lopment of the principles involved. 

(1) First method of solution—by assuming for a root a general 
form involving radicals. 

d Since the expression p+4/q has two, and only two, values 
when the square root involved is taken with the double sign, this is 
& natural form to take for the root of a quadratic. Assuming, there. 
fore, z=p+4/q, and rationalizing, we have 

2*—2px+ p*—q=0. 
Now, if this be identical with a given quadratic equation 


24+ PrtQ=0, 
we have 2p=—P, p?—q=Q, 
giving r=p+V/q= ts ale 


which is the solution of the quadratic, 
In the case of the cubic equation we shall find that 
Yat and geal p+ Yg 
VP 


are both proper forms to represent a root, these expressions having 
each three, and only three, values when the cube roots involved are 
taken in all generality, 


In the case of the biquadratic equation we shall find that 


A ; j 
VP+Va+ pe? VIV TEV ITV P+ VV PV 9, 
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are forms which may represent a root, these expressions each giving 
four, and only four, values of z when the square roots receive their ` 
double signs, 

(2) Second method of solution—by resolving into factors. 

Let it. be required to resolve the quadratic 2+P2+Q into its 

imple factors. For this purpose we put it under the form 
2+ Pr+Q+0—86, 

and determine @ so that 


w4Pr+Q+6 
may be a perfect square, t.e., we make 
Erg hy imp amy 
0+0=—> or = 4 ’ 


whence, putting for 0 its value, we have 
= BS VP , 
#4P2+Q=( 2+7) — (024 VP ) 


Thus we have reduced the quadratic to the form w—v®; and 
its simple factors are u++-v, and u—v. 
Subsequently we shall reduce the cubic to the form 
(lx+-myp—(I'x-++m'), or u3—v, 
and obtain its solution from the simple equations 
u—v=0, u—awv=0, u—wv=0. 
It will be shown also that the biquadratic may be reduced to 
either of the forms 
(atment (latm ein), 
3 (22+pe+g)(2+p'z +1), 
by solving a cubic equation ; and, consequently, the solution of the 
biquadratic completed by solving two quadratics, viz., in the first 
case, l 4mepn= (letm etn) ; and in the second case, 
22+ px-+q=0, and e+p'a+q=0. 
(3) Third method of solution—by symmetric functions of the roots. 
Consider the quadratic equation x?+Pxr+Q=0, of which the 
roots are œ, B. We have the relations 
a+ß= —P, 4 
aß=Q. 
If we attempt to determine « and ß by these equations, we fali 
back on the original equation (see Art. 24) ; but if we could obtain a 
second equation between the roots and co-efficients, of the form 
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la-+mB=f(P, Q), we could easily find and 8 by means of this equa- 
tion and the equation «+ß= -—-P. 
Now in this case of the quadratic there is no difficulty in find- 
ing the required equation ; for, obviously, 
(a—8)?=P2—4Q ; and, therefore, a— B=4/ P*—4Q. 
In the case of the cubic equation 2°+ Pz*+Qr4+R=0, we 
require two simple equations of the form 
la-+-mB-+-ny=f(P, Q, B), 
m addition to the equation «+8+~——P, to determine the roots 
a, B, y. It will subsequently be proved that the functions 
(atwt wy)", (x+ wB- wy)? 
may be expressed in terms of the co-efficients by showing the quadra- 
tic equation ; and when their values are known the roots of the cubic 
may be easily found. 
In this casé of the biquadratic equation 
zt + P+ Qx24-Rx+S=0 
we require three simple equations of the form 
‘ la+mB+ny+rê=f(P, Q, R, 8), 
in addition to the equation, 
a+B+y+85=—P, , 
to determine the roots «, 8, y, 8. It will be proved in Art. 66, that 
the three functions ` r 
(B+y—a—8)?, (y-+-a—B—3)%, («+8—y—8)? 
may be expressed in terms of the co-efficients by solving a cubic 
equation ; and when their values are known the roots of the biquad- 
ratic equation may be immediately obtained. 
56. The Algebraic Solution of the Cubic Equation. Let 
the general cubic equation 
a@x°+3b2? + 3cxr-+-d—=0 
be put under the form 


243H24+G=0. 
where 
à z=ax+b, H=ac—b?, G=a?d—3abc+ 20? (Art. 36) 
To solve tliis equation, assume* 
z= ğp+ vq; 


*This solution is usually called Curdan's solvtien of the cubic, See note 
A at the end of the volume. 


o 
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hence, cubing, : 
Bap+gt+3VpvqdyP+Vvy 
therefore, 
3—3 v p¥q.2—(p+q)=0. 
Now, comparing co-efficients, we have 
py q=—F, ptq=—G ; 
from which equations we obtain 
p=}(-0 +V UFE), g=} 0-— V+ 4B) ; 
and, substituting for q its value yin we have 
—H 

z=% p+ Yp 
as the algebraic solution of the equation 

243Hz+G@=0. 

It should be noted that if p be replaced by q this value of z is 
unchanged, as the terms are then simply interchanged ; also, since 
Y p has the three values { p, wY p, wy p, obtained by multiplying 
any one of its values by the three cube roots of unity, we obtain 
three, and only three, values for z, namely, 

; —H 
TP+- 
the order of these values only changing according to the cube root of 
p selected. j : 
Now, if z be replaced by its value az+b, we have, finally, 
az+b=%p+ ie 
‘where p has the value previously determined in terms of co-efficients) 
as the complete algebraic solution of the cubic equation 
ax34-3bz*+-3cr+d=0, 
the square root and cube root involved being taken in their entire 
generality. 

57. Application to Numerical Equations. The solution of 
the cubic which has been obtained, unlike the solution of the quad- 
ratic, is of little practical value when the co-efficients of the equation 
are given numbers ; although as an algebrai? solution it is complete. 

For, when the roots of the evbie are real, G?-+4+-4H'=—K?, an 
essentially negative number (see Art. 43); and, substituting for p and ` 
q their values 


z = 


ai pHaya, wypo yy i 


}(—G+ —1) 2 
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in the formula Y p+ 4, we have the following expression for a root 
of the cubic :— 


(ZOE VT )h, (-0-RV=I ¥. 


Now there is no genoral arithmetical process ‘for extracting the 
sube root of such complex numbers, and consequently this formula is 
useless for purposes of arithmetical calculation. 

But when the cubic hasa pair of imaginary roots, a numericai 
_ value may be obtained from the formula 


(=e peste i pa m 


since @?+4H? is positive in this case, As a practical method, how- 
ever, of obtaining the real root of a numerical cubic, this process is of 
little value. 5 

In the first case, namely, where the roots are all real, we can 
make use of Trigonometry to obtain the numerical values of the roots 
in the following manner :— 


Assuming 2R cos 6=—G, and 2R sin pet 


we have 
paket? v-1 : E ; 
nn tan ġ=— Ra , and R=1G4K2* wit 


a =; 
Bond | 
and finally, since datas” 3 vI j sin Teet 3 v 


the three roots of the cubic equation 


#+43Hz+G=0, 
viz., IPY, wY pHa} q, wY pHo g, 
become 2(—H)*cos ~2(—H)}eos ror $ 


from which formulas we obtain the numerical values of the roots of 

the cubic by aid of a table of sines and cosines. This process is not 

convenient in practice ; and in general, for purposes of arithmetical 

calculation of real roots, the methods of solution of numerical equa- 
tions to be hereafter explained (Chapter X) should be employed. 

58. Expression of the Cubic as the Difference of two 

Cubes. Let the given cubic 


ax? +-3bz*+3cxr+-d=¢(7) 
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be put under the form 


2343Hz+G, 
where z=az+b. 
Now, assuming 
243Hz+0= ~~ (u4 v) vit HN), ai 


where u and v are quantities to be determined, the second side of this 
identity becomes, when reduced, 
z3*—3uvz— pv(p +y). 
Comparing co-efficients, 
pv=—H, pv(n+-v)=—G ; 
therefore 


(Pe io a p- vas ; 


where a? A =G?+-4H, as in Art. 42, 
also (z+e) (z+9)=2+ SeH. ..(2) 


Whence, putting for z its value, az-+-b, we have from (1) 
aġr= i 4 
(asa! (ae. 9500" ye 0-0 gen 42428 i 
2 at 2H 2 at 2H 
which is the required expression for ¢(z) as the difference of two 
cubes. 

‘By the aid of the identity just proved the cubic can {be resolv- 
od into its simple factors, and the solution of the equation completed. 
We proceed to obtain expressions for the roots of the equation 

` $(z)=0 in terms of p and v. Solving as a binomial cubic the equation 
(u—v)ag(z) = H(z+}— v+ H)’ =0, 
we find the three following values for z=ax-+b :— 
YE YVR +e), 
YR Voe +7), 
VEY ary E +o Yy)? 

Jf now ¢ ü and yy be replaced by any pair of cube roots select- 

ed one from each of the two series 
Yr oY Bop, 


Vv, wv, wy, 


92 ALGEBRAIC SOLUTION OF THE CUBIC AND BIQUADRATIO 


it will be seen that we shall get the same three values of z, the order 


only of these values changing according to the cube roots selected. 


It follows that the expression EEF 
Ye YY e+e) 
has three, and only three, values when the cube roots ‘therein are 
taken in all generality. This form, therefore, is, in addition to that 
obtained in the last Article, a form proper to represent a root of a 
cubic equation [see (1), Art. 55]. 
The function (2) given above, when transformed and reduced, 
becomes, as may be easily seen, 


Flac bet (ad —be)x +(bd—)}. 


This quadratic, therefore, contains as factors the two binomials 
ax+-b-+ p, ax+b+-y, which occur in the above expression of ¢(z) as 
the difference of two cubes, 

59. Solution of the Cubic by Symmetric Functions of 
the Roots. Since the three values of the expression 

t {a+B-+7+0(a+-8-+-uy) + 6%(a-+0B-+ wy) }, 
when @ takes the values 1, w, w?, are a, B, y, it is plain that if the 
functions _ 
O(a-+-wB+w*y),  6(a-+-w®B-+wy) 

were expressed in terms of the co-efficients of the cubic, we could by 
substituting their values in the formula given above, arrive at an 
algebraical solution of the cubic equation, Now this cannot be done 
directly by solving a quadratic equation ; for, although the product 
of the two functions above written is a rational symmetric function 
of a, B, y, their sum is not so. It will be found, however, that the 
sum of the cubes of the two functions in question is a symmetric 


function of the roots, and can, therefore be expressed by the co-. 


efficients, as we proceed to show. For convenience we adopt the 
notation j- 
Laa+wb+ wy, M=a+73+wy 
We have then 
(0L =A 4+ Bw+0ut?, (PM) =A- Bu*+ Co, 
where 
A= 4 BHY Gaby, B=3(x8+ 8% +a), C=3(aB B+ Ya 

from which we obtain 

D M= 3Sa + 1208y— 2T 


a 
(Cf. Ex. 5, p. 35 : Ex. 15, p. 40). 
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Again, 
H 
(0L)(M)= DM =a? +6?+ 7?—By—ya—ah= OF 5 
whence i (a+ wB wy), (a+w*B+ wy) 
are the roots of the quadratic equation 
24339 49s 9 
ll Tic Sa 


Denoting the roots À this equation, viz., 
Dai 3 (—G2-V@FaH) 


by ¢, and t,, the original formula expressed in terms of the co-efficients 
of the cubic gives for the three roots x 


a=} 3(7 4 +V%), 


p=— : g (ere toth J, 


mn 
at 
54g (er T+ or R). 


If will be seen that re values of «, B, y here arrived at are of 
the same form as those already obtained in Art. 56. 


It is important to observe that the functions 


(g+-wB +w*y)*, (a-+08-+wy)* 

are remarkable as being the simplest functions of three quantities 
which have but two values when these quantities are interchanged in 
every way. It is owing to this property that the solution of a cubic 
equation can be reduced to that of a quadratic. Several functions of 
æ, &, y of this nature exist ; and it will be proved in a subsequent 
chapter that any two such functions are connected by a rational 
linear relation in terms of the co-efficients, 


Having now completed the discussion of the different modes 
of algebraicad solution of the cubic, we give some examples involving 
the principles contained in the preceding Articles. 

Examples 
1. Resolve into simple factors the expression 
(B—y)*(@ —a)*-+(y —a)"(4— 8)? + (x—8)*(3—y)?. 

Les U=(b—y)(e—a), V=(y—a)(z7—B), W=(a—B)(e—y). 

[Ans, ZU +0V Hua W (U Fy +W). 

2. Prove that i the several equations of the system 

(B=¥)*(@—2)*=(y —a)*(x -p =a- B2 y) 


have two factors common. o 


D 
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Making use of the rotation in the last example, we have 


U3=VI=W?; 
whenoe 
U3—V*=(U—V (UUV +V *)= 4U —V (02+ V+W) 
since U4V+W=0; 
therefore, (B—y)*(z@—2)?-+(y—«)*(z—B)*-+(2—B)(z—Y)" 


is the common quadratic factor required. 
8. Resolve into factors the expressions 
(1) (B—y)*(e—2)*+ (y—2)(e—B)?+(2—B)(27—y)*, 
(2) (B—y)(a—a,*+ (y—a)*(2—B 5 +(2—B)*(2—Y)’, 
13) (B—y)"(e@—a)'+(y—a)"(@—B)’ + (2—B)"(z—Y)"- 


These factors can be written down at once from the results established in 
Ex. 40, p. 47. Using the notation of Ex. 1, and replacing ap By Yp in the 


example referred to, by U, V, W, we obtain the following : 
[Ana. (1) SUVW ; (2) 5(U?4+V24.W*)UVW ; (3) 1(U"+ V+W)" OVW. 
4. Express 
(z—a)(z—B)(2—¥) 
as the difference of two cubes. 


Assume 
(z—a)(z—f)(2—y)=U—V 
whenoo 
U,—V,=(2—2), 
ol, —o'V =z- p), 
U, — oV, =z- y). 
Adding, we have 
l A+h4+v=0, a+ +yy =; 
and, therefore, 


Ame(B—y), P= e(y—2), v=e(2—B) ; 
but \øv=] ; whence 
gu =(@-yly-aa—t). 
Substituting these values of 2, #, v; and using the notation of Ex. L. 
U,—V =U, oU oV =V, wU,—oV pW; o 
whence 
30, =U +a V+W), 
3V =U HV W); 
+ end U, and V, are completely determined. 
5. Prove that L and M are functions of the differences of the roots. 
Woe have Lea} otoy =a—h+o(B—h) + w(y—h) 


for all values of h, since 1tw40*=0 ; and giving to A the va'ues a, B, y in suo- 
cession, we obtain three forms for L in terms of the differences B—y, Y—*, *—8 


Similarly for M. 
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6. To express the product of the squares of the differences of the roots 
in terms of the co-efficients. 
We have 
L4+M=2a—$—-y, L+o*M= eee L+oM=(2y—a—B)e* ; 
end, again, 
L—M=(6—y)(w—o*), w*L—wM=(y—«)(o—«), oL—o'?M =(a—B)(o—o%, 
from which we obtain, as in Art. 26, 
L4 Mt=(2a—B— —Y)(23—y—a)\(2y—a—B), 
—M=—3/ —3(8—y)y—a)(a—8) ; 
and since 
(Z8—M?)*=(L54-M3)*—403M2, 
we have, substituting the values of L?+M* and LM obtained in Art. 59, 
i a%(B—y)*y—a)*(a—B)*= — 27(G?+4.4H3) 
(Cf. Art. 42.) 
7. (Prove the following identities :— 
44M j{(22—B—y)*+ (28—y—a, 2+ (2y- ap), 
L—M*= V —3[(8—y)*-+(y—2)*+(a—B)"). 
These are easily obtained by cubing and adding the values of 
L+M, etc. ; L—M, etc., 
in the preceding example. i 
8. To obtain expressions for L*, M?, et-:., in terms of the differences of 
B, y 
The following forms for L? and M? are obtained by subtracting 
(a +8*+y*)(1+o-+6*)=0 from (2+-8+*y)*, and (a+o*B+ey)* — 
—D’=(E—y)*-+-0*(y—a)?+a(a—8)*, 
~M*?=(2—y)*+oly—a)*+6%a—B)* 
In a similar manner, we find from thcse expressions 
—LA=(8—y)'2a—8—y)*+ o(y—2)"(28—y—a)?-+ (af) y-a), 
—M'=(B— y) (2a—B— y) + otya) 2B—y—a)?-+-u(a—B)(2y—a—py. 
Also, without difficulty, we have the following forms for LM and L*M® :— 
2LM=(B—y)*+(y—a)?+(a—B)%, 
L*M*=(a—8)*(a—y)?+(B—y)(B— a+ (y—a)*(y—B)*. 
P %. There aro six functions of the type of L or M, viz., 
2+ B+ w*y, wate Bty, o*a+B+oy, 
ato P+wy, ox+h+ory, w'a+op+y, 
to form the equation whose roots are these six quantities. 
These functions may be expressed as follows :— 
L, oL, wL, 
M, oM, oM ; 
bence they are the roots of the equation 
(9—L)(p—wL(@—o*L)(9—M)(9—wM)(p—w*M)=0, 
or p*—(L34M)¢3+4+13M3—0, 
Substituting for L and M from the equations ’ 
OH a 
LM= ERA 134 M3=~— 27- 
wo have this equatjon Sayi in te Ji oy the co-efficients as follows ;— 


+3 TPS a! = 


G 
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10. To form, in terms of Land M, the equation whose roots are the 
squares of the differences of the roots of the general cubic equation. 


Let 
f ọ=(%—ß)*; 
hence, by former results, 
: / —39=0L— aM. 
Rotaionalizing this, wo obtain 


o(9—LM py Ae 20, 


whieh is the required equation. 
In a similar manner, by the aid of the results of Ex. 8, the equation of 
squared differences of this equation, or the equation whose roots are 
(B—y)X2e—B—y)*, (Y—2)*(2B— y-a)", (e@—-BYPAY—e— Br, 
is obtained by substituting —Z* and —M* for M and L, respectively, in the last 


equation ; and this process may be repeated any number of times. Finally, all 
these equations may be easily expressed in terms of the co-efficients of the cubic 


by means of the relations 
nian te a 
IM=-%—, , and D-4 M= -2777 


For instance, the first equation is 
Hy’ @ 44H? 
o( aoi) +27 SH. 


(Cf. Art. 42.) 
11. Ife, 8, yand g’, 8’, y’ be the roots of the cubic equations 
ax3+.3bx* 4+ 3cer-+d=0, 
a’x? +-3b’a* +-3c'r +d’ =0 ; 
to form the equation which has for roots the six values of the function 
oman’ -+BB'+yy’. 
The easiest mode of procedure is first to form the corresponding equation 
for the cubics deprived of their second terms, viz., 
2243H2i.G=0, 2° 4-3H’'2+@'=0, 
and thonce deduce the equation in the general case ; for in the case of the cubics 
eo traneformed the corresponding function 
Pos (aabo +b") +(aB +-b)(a’B' +b") + (ay +b)(a’y’+b") 
eaa’ 9—3bb'. 
Substituting for the roots of the transformed equations their values ex- 
pressed by radicals, we have ? 
oly PE YD Y ped gto Y pta Ý gov p'a ¥'q') 
poty phu ta y p tog g) 


whinh reduces to 
Pg 


ree MY PT + OPI- 
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Cubing this, we find 
g —27 7 pap g %o—27( pq" +72) =9- 
Now, substituting for p and q, p’ and g’, their values given by the equa- 
tions, 
2?4+Gz—H?=0, z*+G’x—H%=0, 
t 
we have the six values of p, given by the two cubic equations 


9,9 27H H’99~ 5" (00'+aa'y AA’) =0, 


where 
a? A--G?+4H3, and a” A’=@"44H". 

Finally, substituting for 9, its value aa’ p—3bb’, and multiplying these cubics 
together, we have the required equation. It may be noticed that if one of the 
cubics be z3—1=0, p=a+8+o%y, ete., which case has been already considered 
in Ex. 9. (Mr. M. Roberts, Dublin Exam. Papers, 1855) 


12. Form the equation whose roots are the several values of p, where 


Soe 
iy 
and a, B, y are the roots of the equation ax? +3ba* 4-3ex-+d=0. 

Since p involves only the differences, and the ratios of a, B, y, the result 
will be the same if a,8, y be replaced by the roots 4, 3, Zs of the equation 
2343Hz4+G—0. We have, therefore, 

(2p—1)2,=—(e+1)2, 
_ \__(2p—l)!e—2)_ 
G=2,2,(2,+72)= ari 2,3, 


2 
and similarly H=- ae 275 


whence, eliminating 2,, the required equation is 
H%p+1)(p—2)(2e—L P+ 4%(p*—p + 1)?=0. 
13. Find the relation between the co-efficients of the cubics 
z az? +30a*+-3er+d=0, 
a'g'3 +-3b'2"2-+-3c'2'+-d’=0, 
when the roots are connected by the equation 
a(B’—y’) + By’ ey p=. 
Multiplying by #—©*, this equation becomes 
LM’=L'M. 
Cubing, and introducing the co-efficients, we find 
@H%=G"H, 
the required relation. 
14. Determine the condition in torms of the toots and co-efficients that 
the cubics of Ex. 13 should become identica? by the linear transformation 
2’ =pr+q. 


In this case * 
a'=pa-+q, B’=pB+9, Y =PY +4 
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Eliminating p and q, we have 
By’ —B’y+ye'—y'a+8’—2’B=0, 
which is the function of the roots considered in the last example. This relation, 
moreover, is unchanged if for a, B, Y ; 2’, P’, Y’, we substitute 
la--m, ig +m, ly +m, 
Va'+m’, Vp’ +-m’ lpm ; 
whence we may consider the cubics in the last example under the simple forms 
294.3H2+G=0, 7'343H’2'+G@’=0, 
obtained by the linear transformations z=az +b, z’=—a’x’ +b’ ; for if the condition 
holds for the roots of the former equations, it must hold for the roots of the 
latter. Now putting «’+kz, these equations become identical if 
H’=FH, =G; 
whence, eliminating k, 
@H%—G@"H* 


is the required condition, the same as that obtained in Ex. 13. It may be observ- 
ed that the reducing quadratics of the cubics necessarily become identical by the 
same transformation, viz., 

= (240) =E (az +2). 

60. Homographic Relation between two Roots of a 
Cubic. Before proceeding to the discussion of the biquadratic we 
prove the following important proposition relative to the cubic :— 

The roots of the cubic are connected in pairs by a homographic 
relation in terms of the coefficients. 
Referring to Exs. 13, 14, Art. 27, we have the relations 
af (B—Y) + (y—a)* + (a—B)*}=18(a;?— dots), 
af a(B—Y) +8 (yY—a)*-+-¥ (a—B)*}=9(q7s— 443), 
a,?{a?(B—y)?-+-B(y—a)*-+-y2(a—B)?} = 18(a,?— a143). 
Using the notation 
Ggg—A,? =H, gg— 0,4, =2H,, 0,0—0 = Hs ; 
multiplying the above equations by aß, —(«+P), 1, respectively, and 
adding ; since, 
a—a(a+)+ab=0, B—B(a+@)+aB=0 
we have 
a? (B—y)(y—a)(«— p) =18{Hab+H (a+b) +H} ; 
but ‘ 
ay4(8 —Y)*(y¥—«)*(a—B)? = —27 A =108(HH,—H,’) 
(see Art. 42) ; whence 


es a/ = 8( 40?) —Hab-+ Hla 0)+ Hy 
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and, therefore, 


Hap-+ (Hee A/ —2)a+ (ta aM —2)p+Ha=0, 


which is the required homographic relation. It is to be observed that 
the coefficients in this equation involve one irrational quantity, the 
second sign of which will give the relation between a different pair 
of the roots. 
61. First Solution by Radicals of the Biquadratic. Euler’s 
Assumption. Let the biquadratic equation 
axt+4bx*+6ex*+4dz+e=0 
be put under the form (Art. 37) 
2§-6H2?+-4Gz+a7I—3H*=0, 


where z=ax+6, 
H=ac—*, [=ae—4bd+3c?, G=a*d—3abce+2b%. 
To solve this equation (a biquadratic wanting the second term) 
Euler assumes as the general expression for a root 
2=V pivatvr. 
Squaring, 
2—p—q—r=AVaVItVIV PTV PVD): 
Squaring again, and reducing, we obtain the equation 
A_9(p-+-q-+rye—Bey/ PV IV r+ (PET tte + Pg) =0- 


Comparing this equation with the former, we have 


. aI 7 G 
p+atr=—3H, qr+rp+pr=3H— 4 »VPVIVI=— 9 3 


and consequently p, g, 7 are the roots of the equation 


EEE E AE E, 
P+3HP+( 3H*— yji ¢=05 (1) 
or, since 
_@adHs—eHl +a, (Art. 37), 
where 


J =ace-+2bed—ad?— ebt— c’, 
this equation may be written in the form 
4(t+Hp— èI H+S 30 : 
and finally, putting t-+H=a"d, we obtain the equation 
4a39°— lað +J =0. ++-(2) 
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This is called the reducing cubic of the biquadratic equation ; 
and will in what follows be referred to by that name. When it is 
necessary to make a distinction between equations (1) and (2), we 
shall refer to the former as Euler’s cubic. 


Also, since.t=b?—ac-+-a°6 ; if 6,, 02, 8, be the roots of the re- 
ducing cubic, we have 


p=0—ac-+-a"6,, q=b* —ac+a76,, r=b* —ac+a0, ; 
and, therefore, 


2=/b*—ac-+076,-+-4/b®—ac +020, +-4/0®—ac-+a70,. 


If this formula be taken to represent a root of the biquadratic 
in z, it must be observed that the radicals involved have not com- 
plete generality ; for if they had, eight values of z in place of four 
would be given by the formula. The proper limitation is imposed by 
the relation 


G 
VPVIVT=— > , 


which (lost sight of in squaring to obtain the value of par) regureg 
such signs to be attached to each of the quantities yp, \/9, v be 
that their product may maintain the sign determined by the above 
equation ; thus— 


VeVIVT=V P-V a) —V1)=(—V piv vr) ` 


=(—V p- vg)" 

are all the possible combinations of yp, y/q, y/r fulfilling this 
condition, provided that yp, y/q, \/r retain the same signè 
throughout, whatever those signs may be. We may, however, 
remove all ambiguity as regards sign, and express in a single 
algebraic formula the four values of z, by eliminating one of the 
quantities +/p, vg, +/r from the assumed value of z by means 
of the relation given above, and leaving the other two quantities 
unrestricted in sign. The expression for z becomes, therefore, 


EVRENE s 757" 


a formula free from all ambiguity, since it gives four, and only four, 
- values of z when +/p and y/q receive their double signs: the sign 
given to each of these in the two first terms determining that which 
mnst be attached to it in the denominator of the third term. And 


B. 
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finally, restoring to p, q, and z their values given before, we have 
ax4+b=y/ö1—ac+að, + yb act aby 
G 


~~ 2ybt—ac+a?0, »/b*—ac-+-a70, 
as the complete algebraic solution of the biquadratic equation ; 6, and 0, 
being roots of the equation 

4a39°—Ia0+-J=0. 

To assist the student in justifying Euler’s apparently arbitrary 
assumption as to the form of solution of the biquadratic, we remark 
that, the second term of the equation in z being absent, the sum of 
the four roots is zero, or 2,+2_+23+2,=0 ; and consequently the 
functions (z,+-z,)%, etc., of which there are in general six (the combi- 
nations of four quantities two and two), are in this case reduced to 


three ; so that we may assume 
(2_+-25)*= (2 +-24)?=4p, 
(29-21)? =(#2+24)? =49, 
(21H21)? = lza +z)? =4r 5 

from which we have 24, Za, 23, 24, included in the formula 

P+vVatvr- 
We now proceed to express the roots of Euler's cubic (1), and 
also those of the reducing cubic (2), in terms of the roots «, B, Y, ò of 


“the given biquadratic in v. Attending to the remarks above made 
with reference to the signs of the radicals, we may write the four 


values of z=ax-++-6 as follows :— 

` aa+b= vVp-vi—v"', 
aB+b=—Vp+vq-v*, ++-(3) 
ay+b=—Vp—Vatvr, 
as+b= Vpt+Vvatvr; 
from which may be immediately derived the following expressions for 
p, q, r the roots of Euler’s cubic :— 


ne OS 4.y~— a —8)? 
P= jg (P+Y—-« me 


pa 


aè 
1=76 (y-+a—B—8), «.+(4) 


r=% (at 8-13 
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Subtracting in pairs the equations (3), and making use of the 
relations above written between p, q,” and 6}, Êz, Os, We easily estab- 
lish the following useful relations connecting the differences of the 
roots of the cubics (1) and (2) with the differences of the roots of the 
biquadratic :— ; 
4(q—r) =40%(6—8,)=—a%(B—1)(a—8), 

4(r—p) =4a°(0,—0,)=—@"(y—#)(8—5), +-(5) 
4(p—q) =4a"(0, — 02) = —a*(a—B)(y—8). 

Finally, from these equations, by aid of the relation 

0;+0,+0;=0, we derive the values of 6;, Oz, 0, in terms of «, B, Y, ò, 


viz., 
128, =(y—a)(@—3) —(«—B)(r—8), 
126,=(«—8)(y—3)—(P—7)(«—8), 
{126,=(B—y)(a—8)—(¥—%)(8—5). 
Examples 
1. When the biquadratic has two equal roots, the reducing cubic has two 
equal-roots, and conversely. 
2. When the biquadratic has three roots equal, all the roots of the reduc- 
ing cubic vanish, and consequently I=0, J=0. 
3. When the biquadratic has two distinct pairs of equal roots, two of the 
roots of Euler’s cubic vanish, and consequently @—0, a*f—12H?=0. 
4. Prove the following relations between the piquadratic and Euler’s 
cubic with respect to the nature of the roots :— 
(i) When the roots of the bquadratic are all real, the roots of Euler's 
cubic are all real and positive. 
tii) When the roots of the biquadratie are all imaginary, the roots of 
Euler’s cubic are all real, two being negative and one positive. 
(iii) When the biquadratie has two real and two imaginary roots, Euler's 
cubic has two imaginary roots and one real positive root. ; 
These results follow readily from equations (4) when the proper forms are 
substituted for æ, 8, y,8 in the values of p, g, 7. It is to be observed that all 
possible cases are here comprised, the piquadratic being supposed not to have 
equal roots. It follows that the converse of each of these propositions is true. 
Hence, when Euler's cubic has all its roots real and positive, we may conclude 
that all the roots of the biquadratic are real ; when Euler's cubic has negative 
routs, we conclude that all the roots of the biquadratic are imaginary ; and when 
Euler’s cubic has imaginary roots, we conclude that the biquadratic has two 
real and two imaginary roots. 
5. Prove that the mots of the biquadratic and the roois of the reducing 
cubic are connected by the following relations :— ` 
ii) When the roots of the biquadratic are either all real, or all imaginary, 
the roots of the reducing cubic are all real; and, conversely, when the roots of 
the reducing cubic are all real, the roots of the biquadratic ère either all real or 


all imaginary. 
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(ii) When the biquadratic has two real, snd two imaginary roots, the 
reducing cubic has two imaginary roots; and, conversely, when the reducing 
cubic has two imaginary roots, the biquadratic has two real and two imaginary 
roots. 

These results follow readily from the preceding example, since the roots 
of the two cubies (i) and (ii) are connected by a real linear relation. 

6. When H is positive, the biquadratic has imaginary roots. 

For in that case the roots of Euler’s cubic cannot be all positive. 

7. When J is negative, the biquadratic has two real and two imaginary 
roots. For the reducing cubic has in that case two imaginary roots (Ex. 12, 
p. 28). 

8. When H and J are both positive, all the roots of the biquadratic are 
imaginary. 

For since J is positive, the reducing cubic has a real negative root ; 
therefore, also Euler’s cubic has a real negative root, since t=a%—H, and H is 
positive’; and this is case (i) of Ex. 4. It is implied in this proof that the lead- 
ing coefficient a is positive ; if a J be substituted for J in the statement of the 
proposition no restriction as to the sign of a is necessary. 

9. Show that the two biquadratic equations 

Agrt+6A,2*+4A,24+A,=0 
have the same reducing cubic. 
10. Find the reducing cubic of the two biquadratic equations 
xh 6la? 4 Srl? m3 Fn — 8imn+3(4mn—l*)—0. 
[Ans. 63 —3mnb—(m*-+-n*)=0. 
11. Prove that the eight roots of the equation 
[xt — Olax? + 3(4mn —1*)}?= 64 (18 +-ms +-nt—3lmn)z* 
are given by the formula, 
Vitmin+y lFom-+an+ Vito mtor. 
(Compare Ex. 20, p. 27). 
12. If the expression 
e yiympn+ylFompon+yi Femton 
be a root of the equation 
zt-46Hz? +4Gz+a*I —-3H*=0, 
determine H, I, J, in terms of l, m, n. 
{Ans. H=—l, a} I=12mn, a°J=—4(m* +n?) 


13. Write down the formulas which express the root of. a biquadratic in 


tho particular cases when J=0, and J=0. 
14. Express, by the aid of the reducing cubic, 7 and J in terms of the 
differences of the roots «, B, 7,8. (See Exs. 16, 18, Art. 27.) 
15. Express the product of the squares of tbo differences of the roots 
a, B, y, 5 in terms of J and J. 
By means of the equations (5) above given, and the equation (2), 


we obtain the resu}t as follows :— 
a°(3—y)*(y—2)*(a—B)(a—B)NB—8)%(y—B)? = 256—217. 


p- 66, 
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16. What is the quantity under the final square root (viz., that which 
ocours under the cube root in the solution of the reducing cubic) in the formula 
expressing a root ? [Ans. 27J*—I*. 

17. Prove that the co-efficients of the equation of squared differenc-3 of 
the biquadratic equation ar*+4a,2*+60,2*+4a,7+a,=0 may be expressed in 
terms of a,, H, I, J. 

Removing the second term from the equation, we obtain 
4G a,*I—3H* 
yt+ . =0; 


6H 
ot “at 5 Dor ag 
and changing the signs of the roots, we have 
6H 4G a I —3H* 
tae p= a3 A ina 
These transformations leave the functions (a—f)*, etc., unaltered ; but G 
becomes —G, the other co-efficients of the latter equation remaining unchanged ; 
therefore, @ can enter the coefficients of the equation of squared differences. in 
even powers only. And by aid of the identity of Art. 37, G? may be eliminated, 
introducing a,,H,I,J. In asimilar manner we may prove that every even 
function of the differences of. the roots, «, 8, y, 8, may be expressed in terms of 
ay, H, I, J, the function @ of odd degree not entering. 
62. Second Solution by Radicals of the Biquadratic. Let 
the biquadratic equation 
axt+-4b23+ 6ca*+ 4dxz+e—0 
be put, as before, under the form 
244 6H24+ 4Gz+a?] —3H?=0, 
where z=ax-+-b. 
We.now assume as the general expression for a root of this 
equation — 
z=vV q Vr + Vr Vp + VP VO" 
a formula involving three independent radicals, /p, V4, V”. 
Squaring twice, and reducing, we have 
(22—gqr—rp— pq)? =4pgr(2z+p+4+ r), 
or 
AA—2(qr-+-rp-+-pq)2*—Spgrz-+-(qr-+-rp+pq)—4(p+9+7)pyr=0. 
Comparing this equation with the former equation in z, we 
easily find 
G a*{—12H? 
qr-+-rp+pq= —3H, pr=—-z > PH+ = 2G ; 
whence, p, q, r are the roots of the equation 
2GP- (12H? —a*1)i?—6HGt+ G?=0. 
This equation may be readily transformed inta’ Euler's cubic, 
or making directly the substitution 


— 
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40 
H—a*g 
and putting for G? its value in terms of H, J, and J, we may reduce 
it to the standard form of the reducing cubic, viz., 
4a°93— Jag+-J=0. 

It is important to observe that in the present method of solu- 
tion we meet with no ambiguity corresponding to that of Art. 61; 
for the expression here assumed as the value of z has, in virtue of 
the double signs of tne radicals contained in it, only four values, while 
the form assumed for z in the preceding Article has eight values. 
This appears from the identical equation 


AVV r+ IV P+ V PV) =(V PTV IFN IP -p-r 
which shows that the number of distinct values of the radical expres- 
sion of the present Article is the same as the number of values of 
(Vp+V4q4+~7r)?, namely four. 

In order to express p, q,r in terms of the roots a; 8, Y, 8 of 
the biquadratic, we have, giving to x the four values a, 8, Y, 3, 

za=aa+b= Vqvr—VrVP—VPVo 
za=aß+b=—vV qV r+V rV P-V PV t 
zy=ay+b=—vV gV r—V rV PHV PV a, 
z=aðĵ+b= vgv r+v rv p+vVpvs. 

The student may easily satisfy himself that no combination of 
the signs of the radicals can lead to any value different from these 
four. 

From the values of z,+23—2,—24, and 2,73—2,24, We obtain 

a(8-+y—2—8)=—4V/9qVr, 
? a*(By—a5) +-ab(8-+-~—a—8)=4pvV qvr. 
From these and similar equations we have, employing the relation 
G——2pqr, the following modes of expressing p, q, r in terms of the 
roots a, B, Y, è :— 


PHO giyasi a(R Y—a—8)” 
tte ie Ae hen eon 
Si =t ve B—3' b= iy pa—B—8)*? 
a3—yd 6G 
—r =l 


x Lf s ~ 
atB—y—8 uat B—Y 


63. Resolution of the Quartic into its Quadratic Factors. 


Let the quartic® 
ax'-4bx3 + 6cx* +4dz+e b 
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be supposed to be expressed as the difference of two squares* in the 
form 
(ax*+-2br-+¢+-2a6)?—(2Mz-+N)?. 

Multiplying the given quartie by a, and comparing it with 
this expression, we have the following equations to determine M, N, 
and @ :— = 

M?=b?—ac+a*9, MN =be—ad-+-2abé, N*=(c+2a0)?—ae. 

Eliminating M and N from these equations, we find 

4°98 — (ae—4bd +-3c*)a8+-ace-+-2bcd —ad*—eb*—c®—0, 
which is the reducing cubic before obtained. 

From this equation, we have three values of 6(6,, Os, 03), with 
three corresponding values of M?, MN, N? ; and thus all the co-efi- 
cients of the assumed form for the quartic are determined in three 
distinct ways ; moreover, it should be noticed that to each value of 
M corresponds a single value of N, since 

MN =be—ad--2abé. 
The quartic 
(aa?+-2ba-+ e+ 2a6)?—(2Mx-+4-N)* 
may plainly be resolved into the two quadratic factors 
ax?+-2(b—M)x+-c+-2ag—N, 

i ax? +-2(b-+ M)x+c+2a0-+N. 
When @ receives the three values 6,, Oz, 03, we obtain the three 
pairs of quadratic factors of the original quartic, and the problem is 
completely solved. 

In order to make clear the connexion betweeen the present 
solution and the solution by radicals, let us suppose that the roots of 
the quadratic factors in the order above written are ĝ, y and a, 5; 
and that the roots of the remaining pairs of quadratic factors 
are similarly y, œ and B, 5; æ, B and y, 8.. We have, therefore, 


ptr=—% 6—M,), y+a=——= (b—M,), at=- (b-Ma), 


2 
atb=— 2 (6+M;), B+8=— = (6+ M,), y+8=— a (b+-M;), 


*The reduction of the quartic to the difference of two squares was the 
method first employed for the solution of the equation of the fourth degree. 
This mode of solution is due to Ferrari, although by some writers ascribed to 
Simpson (see Note A). The method explained in the following Article, in which 

the quartic is equated directly to the product of two quadratic: factors, is due to 
"Descartes. 


s 
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where 
M,=v acta, M, =y FaFa 0a, M,=y F —ac+ ab. 
Subtracting the last equations in pairs, we find 


M, M, A M;. 
6+y—a—3=4 —, yta—B—3=4 zh a+B—y—d=4 —; 
and since 


a+B+7+8=—4 z 


we obtain aa+b=—M, +M, +M, 
a8+b= M,—M,+Ms, 
ay+b= M, +M,—M,, 
a3+b=—M,—M,—My. 

It appears, therefore, that thd roots of the biquadratic are here 
expressed separately by formulas analogous to those of Art. 61. The 
values of M2, viz., M,?, M,?, M, are in fact identical with the roots 
of Euler’s cubic in the preceding Article. There exists also with 
regard to the signs of the radicals involved in M,, M;, My, a restric- 
tion similar to that of Art. 61; since, in virtue of the assumptions 
above made with respect to the roots of the quadratic factors, 
we have the equation 

a%(3-+-y—a—8)(y-+a—B—S)(a+—y—8)= 64 MMs. 
which implies the following relation (see Ex. 20, p. 41) :— 
M,M,M,=}6; 
and by means of this relation the signs of M,, Ma, Ms, are restricted 
in the manner explained in the previous Article. 

By aid of the equation last written we can eliminate M, from 
the expressions for the roots, and thus obtain, as in Article 61, all the 
roots of the biquadratic in a single formula, viZ., 


G 
ar+b=M, +M: — 5y 5t, 
in which the radicals M,= „/b?—ac+a?0,, and M,= bï —ac+ að, 
are taken in complete generality. 
Examples 
1, Form the equation whose roots are ?, H, Y, viz., 


By tad, yat 88, 8-478. 


Adding the last co-efficients of the quadratic factors of the quartic, we 


. 


have 
o 


c 
By-+ad=40,42 -a > 
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e 
y2+f3=40,42 ae 


ap+yð=40 +2 <, 
where 0,, 0,, 0, are the roots of the reducing cubic ; hence the required equation, 
(Cf. Exs. 4, 5, Art. 39). [Ans, (ax—2c)?—4I(ax—2c) +-16J—0, 


2. Express, by means of the equations of the preceding example, the roots 
of the reducing cubic in terms of the roots of the biquadratic. 


2¢ 
Substituting for ET its value in terms of «, 8, 7, 8, we find immediately 


120, =2\—#—vs(y.—2)(B—3)—(a—B)(y—8), 
120,=2u—v~ A= (a—8)(y—8)—(B—y)(a—8), 
120,=2)—2—w=(B—y)(a—8)—(y—a)(B—8). 
(Cf. (6), Art: 61). 
3. Verify, by means of the expression for 0,, 6,, 0, in Ex. 1, the conclu. 
sions of Ex. 5, Art, 61, with respect to the manner in which the roots of 
the biquadratic and reducing cubic are related. 
4. Form the equation whose roots are the functions 
HEY—a5)(8-+-y—a—8), 1(ya—B3)(y4-0—B—5), 1(aB—y3)(a-4+8—y—8). 
From the quadratic factors of the quartic, we find 


4M, 2N, 
—q =Pty—«-3, — a =ßy—að, 


also 
M,N, =be—ad + 2ab0, = —a*Z,, 
the roots of the required enbic being represented by ¢,, J». $5. 
We obtain, therefore, the required equation by a linear transfocmation 


of the reducing cubic, [Ans. (a%d-+be—ad)s—b?I(a*p + bo—ad)— 2b -=0. 
5. Form the equation whose roots are 
py- as. f yae—ps aß— yè 


B+y—a—8 ’ Yapi” atpB- ys ° 
If ġ denote any one of these functions indifferently and 0 the corresponding 
root of the reducing cubic, we have, employing former results, 
og MN be—ad+2ab0 | 
Fae da Mt ™ §*—ac+a70 


and thus wo obtain the required equation by a homographic transformation of 
the reducing cubic. This formula may be put under the more convenient form 


. ja 
ap tbe ya” 
by means of which we obtain the required cubic in the following form : — 
2G(a $-4-b)3-+(a*—12H*)\(aq 4.b)*~6HG(ap+b)—G?=0, 
which, expanded and divided by a?, becomes 
2G? +.(a*e +6b%e—9ac? + 2abd) p*-+-2( abe +2b%d—3acd)p +b%e—ad*=0. 
(Of. Ex. 14, p. 70). 


. 
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6. Form the equation whose roots are 


a , a at 
g (BY—%8)", y (yx—B3)*, -y (aB—y3)*. 

These are the three values of N? in the foregoing Article. Representing, 
as before, one of these values by ø, we find that the required equation may be 
obtained from the reducing cubic by means of the homographic transformation 

2bed —ad* —eb?+4abd0 unao 


he =a, 
7. Form the equation whose roots are 
a By eee ya—ps ap—ys 


(BF-a topy (y+a)88—(B+8)ya (a+Pys—(y Foja 
The required equation is obtained from the reducing cubic by the homo- 
graphic transformation 
2 cd—be + 2ad0 
P= dt—ce+aed 
The result may be derived from Ex. 5 by changing the roots into their 
reciprocal, and making the corresponding changes in the coefficients. 


64. The Resolution of the Quartic into Quadratic Factors.. 
Second Method. Let the quartic 
axt+-4ba?+ 6ca*+ 4dxr+e 
be supposed to be resolved into the quadratic factors 
a(x?-+-2px-+q)(a*+2p'c+q'). 
We have, z comparing these two forms, the equations 


d 
p+p ‘ob a+ +4pp'=6-<, pq’ +p ‘q=2—, qg'=-<. ...(I) 


If now we ‘rel any fifth equation of the form 
F(p, 4, Ds qY)=¢, 
we could eliminate p, p’, q, q’ ; and thus find an equation giving the 
Several values of ¢. 

The fifth equation might be assumed to be pp’=¢, or q+-9q'=¢; 
and in each case 4 would be determined by a cubic equation, since 
each of these functions, when expressed in terms of the roots of the 
biquadratic, has three values only. It is more convenient, however, 
to assume 

$= < —pp'= i gliti- = ~), 
the two functions of p, p’, 9, q' here involvéd being equal by the 
second of equations (1). We easily find, by the aid of those equa- 
tions, 
s ,,  4abe—2a*d 8b 
ERTS E e aes ee 


á 
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and eliminating p, p’, q, q’, by means of the identical relation 
(+p PEH) = (pd p++), 
there results the equation 
4a*¢?—Iap+J=0, 
which is the reducing cubic obtained by the previous methods of 
solution. 

Having thus found pp’, or q-+-q’, we may complete the resolu- 
tion of the quartic by means of the equations (1). 

_ The reason for the assumption above made with regard to the 
form of the fifth equation is obvious. From a comparison of the 
assumed values of ¢ with the equations of Ex. 1, Art. 63, it <ppears 
that ¢ is the same as @ in the preceding Article ; and, therefore, we 
foresee that the elimination of p, p’, q, q’, must lead to an equation 
in ¢ identical with the reducing cubic before obtained. In general, if 
¢ represent any function of the differences of N, 4, v, and consequently 
an even function of the differences of a, B, y, ò (see Ex. 18, Art. 27), 
the equation whose roots are the different values of ¢ cannot involve 
any functions of the coefficients except a, H,I, and J. 

If 4 be assumed equal to any of the expressions in the second of 
the following examples, the equation in 9 whose roots are the differ- 
ent values of this expression is formed as in the above instance by the 
elimination of p, p’, q, q- 

Examples 
1. Resolve into quadratic factors 
244.6H2?+4Gz-4-a%I—3H*. 
Comparing this form with the product 
(2*-+-2p2-+-g)(2*—2p2+q’),, 
we find the following equation for p :— 
4p 12Hpt+12 (H— cai ) p’-a=0; (0f. (1), Art. 61) 
and putting 
ao=p'+H=t(q+q'—2H), 
this equation, when divided by a*, becomes 
tarpt Ino 4+J<0. 
2. Ifa quartic be resolved into the two quadratic factors 
e+ pe+g, x --p'e+9’, 
prove that ọ is determined by a cubic equation when it has all possible values 
corresponding to each of the following types :— 
, 9-% py—P'a PY—P'9 
tH gop poe ame A 
(p-p. (p—P'(a—-7), (a-y. (p-p): 
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and by an equation of the sixth degree when it has all values corresponding to 
Pi % P—P', 9—1, PY —P'G, or p*—4q. 

Expressing these functions in terms of the roots, the number of possible values 

of each function becomes apparent. 


65. Transformation of the Biquadratic into the Recipro- 
cal Form. To effect this transformation we make the linear substi- 
tution xv=ky+ọ in the equation 

ax*+-4b23 +. 6cz*+-4dz+e—0, 
which then assumes the form 
ak4y$+-4U k®y3+ 6U,k%y?+4U ky +-U,=0, 
where 
U, =ap+b, U,=ag?-+ 2bp-+-c, Us=ap?+-3bp?-+-3co-+d, etc. 
(see Art, 35). If this equation be reciprocal, we have two equations 
to determine k and p, viz., 
akS—U,, kU, ,=kU; ; 
eliminating k, we have the following equation for p :— 
aU.2—U2U = 0 ; 
and since 
pU _ a9 +367 +3c0+¢ 
E ap-+b 
there are two values of k, equal with opposite signs, corresponding to 
each value of p. 


The equation 
aUZ—U,7U,=0, 
when reduced by the substitutions (Arts. 36, 37) 
@U,=U,'+3HU,+G, 
aU ,.=U,5+6HU,?+-4GU, +-a*I —3H?, 


becomes 
2GU,3+ (a° —12H*)U,2?—6GHU,—G?=0, Asch) 
which is a cubic equation determining U,=ap-+-b ; and if we put 
4G 
othe aR’ 


8 is determined by the standard reducing cubic 
4a°9—Iad+J=0.¢ 
This transformation* may be employed to solve the biquadratic; 
and it is important to observe that the cubic (1) which here presents 
*This method of solving the biquadratic by transforming it to the recipro- 
cal form was given by Mr. 8.S. Greatheed in the Camb. Math. Journ. Vol. I. , 


/ 
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itself differs from the cubic of Art. 62 only in having roots with 
contrary signs. 

We proceed now to express k and p in terms of «,ß, y,8, the 
roots of the biquadratic equation. Since the equation in y, obtained 
by putting r=ky+p, is reciprocal, its roots are of the form y,, 
zs wes hence we may write 
Y á Yı 


1 
a=ky, +p, B=ky,+p, y=k a 


Yo, 
He, dk + +03 
Yı 
and, therefore, 
(~—p)(8—p)=(B—e)(y—P) =F, 


from which we find 
ae _By—að 
ý ~ B+y—a—8’ 
_ (¥—a)(8—8)(a—B)(y—8) 
ti eet 


An important geometrical interpretation may be given to the 
quantities k and p which enter into this transformation, Let the 
distances OA, OB, OC, OD, of four points A, B, C, D, on a right line 
from a fixed origin O on the line be determined by the roots «, $, Y, 5, 
of the equation 

ax'+-4bx3+46cx?+4-ddx+-e—0 ; 
also let O,, O,, O; be the centres ; and F;, F,’ ; Fa, Fy’ ; Fa, F3', the 
‘foci of the three systems of involution determined by the three follow- 
ing pairs of quadratics :— 
(x—B)(a—y)=0, (w9—a)(x—8)=0 ; , 
(x—y)(x—a)=0, (w—8)(a—8)—0 ; 
(x—a)(w—B)=0. (w—y)(2—8)=0. 
We have then the equations 
0,B.0,C=0,A.0,D=0,F,, ete., 
which, transformed and compared with the equations 
(@—e)(y—P)=(a—p)(8—e)=#, ete., 
prove that the three values of p are OO,, 00,, OO, the «stances of 
the three centres of involution from the fixed origin O. Also since 
0,F 2=k, k has six values represented geometrically by the distances 
OF ;, OF ; OF s, OnF y' ; O5F 3, 0,F, 
where 0,F,+-0,F,'=0, etc., as the distances are measured in opposite 
directions. 


‘ 
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We can from geometrical considerations alone find the positions 
of the centres and foci of involution in terms of «, B, Y, 5, and thus 
confirm the results just established, as follows :— 

Since the systems {F,BF,'C} and {F, AF,’D} are harmonic, 

2 1 1 1 1 
PF! ~ FBR = Rat rD" 
and if x represents the distance of F, or F,’ from the fixed origin O, 
we have 
1 1 1 1 
sb tay oaa Pee 
Solving this equation, we find 


s= BraS V-o- Aee) 
B+Y—a—8 B-+-y¥—a—& 
or z=p-tk, 
whence p= Ast Orn, ba i OF =+0,F,. 
Example 
Transform the cubic 
ax*4 3bz?43ee4d 


to the reciprocal form. 
The assumption #=ky +p leads to the equation 
; —GU,3+43H°U,2+H3=0, where U,=ap+b. 
The values of p are easily seen to be 


By—a* = ya—B* aß- 

SPOE Peca? SEP 
¿ The geometrical interpretation in this case is, that if three’ points 
A’, B’, 0’, be taken on the axis such that A’ is the harmonio conjugate of A 
with respect to B and C, B’ of R with respect to Ç and A, and O’ of O with res- 
pect to Æ and B ; then we have the following values of p and k :— 

OA+0A’ _,_O0A—OA' 

aera RR aera Beek 

For the vaiuos of OA’, OB’, OC’, in terms of a, B, y, see Ex. 13, p, 71. 

66. Solution of the Biquadratic by Symmetric Functions 
of the Roots. The possibility of reducing the solution of the 
biquadratic to that of a cubic by the present method depends on the 
possibility of forming functions of the four roots «, B, y, 8, which ad- 
mit of only three values when these roots are interchanged in every 
way: It will be seen on referring to Ex. 2, Art. 64, that several func- 
tions of this natitre exist. These, like the analogous functions of Art. 
59, possess an important property to be proved hereafter, viz., any 
two such sets of three are so related that any one function of either 


114 ALGEBRAIC SOLUTION OF THE CUBIC AND BIQUADRATIC 


set is connected with some one function of the other set by a rational 
homographie relation in terms of the coefficients. 

For the purposes of the present solution we employ the func- 
tions already referred to in Art. 55, since they lead in the most direct 
manner to the expressions for the roots of the biquadratic in terms 
of the coefficients. We proceed accordingly to form the equation 
whose roots are the three values of 


f(t tert oy, 


when the roots are interchanged in every way, and @=—1. 
These values are 


_(bty—a—B\? , _/yfa—BB\? , _/a+P—1—5)". 
ne( EIEE, ge (TEE), ge (SE) ; 
and since 
(B-+-Y—a—8)?=2a?-+ 2A—2n—2Qv, 
2(a—f)?=320?—2A—2u—2y—= —48 > J 
we find the following values of t, ty, ty :— 


2\—pn—y med 2u—v—-A» H 2v—)—p H 
12 Ati 12 “igi. 19 a 


whence ty-bty+ty= S . 
Again, since 


3 
2 (24 —v—))(2v —\— p)=— 3A uH ry —vA— A) = — 5 ly), 


and Eup, r 

we have 
; H’? 1 3H JI 
hts +t +hh=3—4 — 6 Z(u—v)?= ae det ; 


also bilat = das 3 


Hence the equation whose roots are f, ty, fs becomes 
2 2 
(a+ 3H (a14 ( amt ) a) S =0; 


or, substituting for G? its value from Art. 37, 

4(at4-H)}—a I (at-4+H)4aJ =D, 
which is transformed into the standard reducing cubic by the sub- 
stitution a%-+H=a%. 
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To determine «, B, y, 8 we have the following equations : — 
—a+B+y—-8=4V/h, a—B+-y—B=4y/ty, a+ B—y—Bady/h, 


along with a+8+y7+5=—4 ? ; 


from which we find 


b = X 
AE UEN t Hy ba HV ts, 


b E E e a 
Y=—-g tV¥VhtV h -V ia 
b s 
= — Pari’ t —4/ ta — 46t. 


We have also from the above values of Vt,V 4.7% the 
equation 


> G 
Vi vh Vts Saar? 


by means of which one radical can be expressed in terms of the other 
two, and the general formula for a root shown to be the same as 
those previously given. 

Tt is convenient, in connexion with the subject of this Article, 
to give some account of two functions of the roots of the biquadratic 
which possess properties analogous to those established in Art. 59 for 
corresponding functions of the roots of a cubic. Adopting a notation 
similar to that of the Article referred to, we may write these func- 
tions in terms of à, #, v in the following form :— 

L= (By +-28)-+w(ya+5)-+ w%(o8-+-78), 
M= (By-+-a5)+-w(y2.-+- 85) 4-(0.8 +8), 

By means of the equations of Ex. 1, Art. 63, these functions 
can be expressed in terms of the roots of the reducing cubic in the 
form . 

{L=6,+08,+4-076s, 1M =0,+wO,+ 003. 
They may also be expressed, by aid of the equation of the present 
Article connecting t and 0, in terms of the v&lues of t ty, ts, as 
follows :— 
pL=t+of,+o%,, 1M=t,+w%,-+ats. 

The functions L and M are as important in the theory of the 
biquadratic as the functions of Art. 59 in the theory of the cubic“ 
The cubes of these expressions are the simplest functions of four 

e 
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quantities which have but two values when these quantities are inter- 
changed in every way ; they are the roots of the reducing quadratic 
of the reducing cubic above written, and underlie every solution of 
the biquadratic which has been given. 


Examples 
1. Show that Land M are functions of the differences of «, B, Y 8. 
Increasing «, 8, y, 8 by h, L and M remain unaltered, since 1 +-«+-0*=0. 


2. To find in terms of the coefficients the product of the squares of the 
differences of the roots «, B, y, 5. 


From the values of £ and M in terms of 0,, 0,, 03, we find easily 
120,= L+ M, L— M=($—y){«—8)(w*—w), 
120,=0°L-+oM, o*L—wM =(y—a)(8—3)(w*—o), 
120,=0L -+-0*M, oL—a®M =(«—f)(y—8)(w*—«). 
Again, from these equations, multiplying the terms on both sides to- 
gether, and remembering that 0,, 9, Oj are the roots of 


40°03 Jab + J=:0, 
we find 


14 M4327, 
a 

I- M=3V/ 348 —y'y—a)(2—B)(«—8)(8—8)(— 8) 

also, adding the squares of the same terms, we have 
I 
2LM=24. |, =(8—y)*(a—3)*-+(y—a)*(B —8)*+-(a—B)*(y—3)* 
and, since 
(18— M3)? = (L3 M3) 4M, 


substituting for the quantities their values derived from former oquations, we 
have finally 


an(B—y)'( y-a) (apa8) p— B) (y8, = 256—277). 
3. Show by a comparison of the equations of Art. 59 with those of the 


prosent Article that the results of the former may be extended to the biquadratic 
by changing 


B~y, y—a, a—B into —(p—y)(a—8), —(y—«)(B—3), —(a—B)(y—8), 
respectively ; and, at the same time, H into ~+ I, and G into 16J. 


67. Equation of Squared Differences of a Biquadratic. 
In a previous chapter (Art, 44) an account was given of the general 
problem of the formation of the equation of differences. It was pro- 
posed by Lagrange to employ this equation in practice for the purpose 
of separating the roots of a given numerical equation ;,and with a 
view to such application he calculated the general forms of the equa- 
tion of squared differences in the cases of equations of the fourth and 
fifth degrees wanting the second term (see Traite de la Resolution 
des Equations Numeriques, 3rd ed., ch. v., and note mm). Although for 
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practical purposes the methods of separation of the roots to be 
hereafter explained are to be preferred ; yet, in connexion with the 
subjects of the present chapter, the equation of squared differences 
of the biquadratic is of sufficient interest to be given here. We pro- 
ceed accordingly to calculate this equation for a biquadratic written 
in the most general form. It will appear, in accordance with what 
was proved in Ex. 17, Art. 61, that the coefficients of the resulting 
equation can all be expressed in terms of a, H, I, and J. 

The problem is equivalent to expressing the following product in terms of 
the coefficients of the biquadratic 

[e—@—y)"] [e—Cy—«)*] [p —(2—B)*] [ep -(@—8)*] [(p—(8—8)*] [p—(y—8)"). 

The most convenient mode of procedure is to group these six factors in 
pairs, and to express the three products (which we denote by Ta, 7a, na) separately 
in terms of the roots of the reducing cubic, and finally to express the product 
", T, n, in terms of a, H, I, J. 

m=p°—[(B—y) +a- 8] +(8—y)"(a—3,? ; 

and, by aid of the results of Art. 61 we easily derive the following expressions for 
(B—y)?, (2—8)? :— 


aah: 2 ae FN 
(MV EN RIM A EY 
hence, without difficulty, 
m=9"+ (89,416 Za Jp t4 480,0, 
a? a 
Introducing now for brevity the notation 
16H=a*P, 4I =a?Q, 16J=a°R, 92+ Pp+Q=y%, 


n, becomes % +-80,7 —480,0,. 
Reducing the product x, n, n, by the result of Example 18, page 72, we 


obtain 

o — W-+-3Qy"— (409? + 18Rp)) —(SRp*+129%9" + 36QRp +27R*) —0, 
Finally, restoring the value of ọ, we have the equation of squared differences ex- 
pressed in terms of P, Q, R, as follows :— 

9°+-3P95+ (3P?+-20)o! +-(P*+8PQ—26R)p* 
+(6P?Q —7Q?—18PR)¢* 4-9Q(PQ—6R)p +-493—27R*=0, 

The following is the final equation in terms of a, H, I, J* :— 
a'g +-48atHo' + 8a*(96H*-+a*l)o4 +-32(128H3 + 16a*HI —13a3J\p3 

+16(384H2I —7a*I*— 288aH J) g? +1152 2HI —3aJ)19 +256(18 —27J%)=0, 

It should be observed that the value above obtained for m, can be 

expressed as a quadratic function of 0, by aid of the equation 6,0,=6,7_ ay 


and the subsequent calculation might have been conducted by eliminating 0, 
between this quadratic and the reducing cubic. 


* The equatioh of squared differences was first given in this form by 
Mr. M. Roberts in the Nouvelles Annales de Mathematiques, vol. xvi. 


o 
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68. Criterion of the Nature of the Roots of the Bi- 
quadratic. Before proceeding with this investigation it is necessary 
to repeat what was before stated (Art. 43), that when any condition 
with respect to the nature of the roots of an algebraic equation is 
expressed by the sign of a function of the coefficients, these coefficients 
are supposed to represent real numerical quantities. It is assumed 
also, as in the Article referred to, that the leading coefficient does not 
vanish. 

Using as before 4 to represent that function of the coefficients 
(called the discriminant) which is, when multiplied by a positive 
numerical factor, equal to the product of the squares of the differences 
of the roots, we have, from the results established in preceding 
Articles, the equation 

a*(B—y)*(y —a)(a—B)*(a—3)(B —3)*(y—3)*=256 a, 
where 4=f2-27)2, 

It will be found convenient in what follows to arrange the dis- 
cussion of the nature of the roots under three heads, according as— 
(1) A vanishes, or (2) is negative, or (3) is positive. 

(1) When A vanishes, the equation has equal roots. This is 
evident from the value of A above written. Four distinct cases may 
be noticed—(a) when two roots only are equal, in which case J and J 
do not vanish separately ; (8) when three roots are equal, in which case 
I=0, and J=0, separately (see Ex. 2, Art. G1); (y) when two distinct 
pairs of roots are equal, in which case we have the conditions G=0, 
aI —12H* 0 (Ex. 3, Art. 61). It can be readily proved by means of 
the identity of Art. 37 that these conditions imply the equation 
4=0; hence these two equations, along with the equation A =0, 
are equivalent to two independent conditions only. Finally, we 
may have —(8) all the-roots equal ; in which case may be derived from 
Art. 61 the three independent conditions H=0, J=0, and J=0. 
These may be written in a form analogous to the corresponding 
conditions in case (4) of Art. 43. 

(2) When A is negative, the equation has two real and two ima- 
ginary roots. This follows from the value of A in terms of the roots ; 
for when all the roots are real A is plainly positive ; and when the 
proper imaginary forms, viz., ha-ky/—1, h’ +k’ «/—1, are substituted 
for a, B, Y. 3, it readily appears that A is positive also when all the 
roots are imaginary. 

(3) When A is positive, the roots of the equation are either all real 
or all imaginary. This follows also from the value of A, for we can 


—— 
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show by substituting for'«, 8 the forms h+ky/—1 that a is negative 
when two roots are real and two imaginary. In the case, therefore, 
when A is positive, this function of the coefficients is not by itself 
sufficient to determine completely the nature of the roots, for it 
remains still doubtful whether the roots are all real or all imaginary. 
The further conditions necessary to discriminate between these two 
cases may, however, be obtained from Euler’s cubic (Art. 61) as 
follows :—In order that the roots of this cubic should be all real and 
positive, it is necessary that the signs should be alternately positive 
and negative ; and when the signs are of this nature the cubic 
cannot have a real negative root. We can, therefore, derive by the 
aid of Ex. 4 Art. 61, the following general conclusion applicable to 
this case :—When A is positive the roots of the biquadratic are all 
imaginary in every case except when the following conditions are ful- 
filled, viz., H negative, and a*I—12H?® negative ; in which case the roots 
are all real. 


Examples 

1, Show that if H be positive, or if H=0 (and @ not=0), the cubic will 
have a pair of imaginary roots, 

4. Show that if H be negative, the cubic will have its roots —(1) all real 
and unequal, (2) two equal, or (3) two imaginary, according as G? is —(1) 
less than, (2) equal to, or (3) greater than —4H3, 

8. Ifthe cubic equation _ 

ot +-3a,2*+ 3a,2-4+-4,—0 
have two roots equal to « ; prov 


H, H, 
NE 
whore aga,—a,*=H, aga,—a,a,= 2H, @,a,—0,°=H,. 
ce SB Ey aa +-3bx*+ 8er-4+d+k(2—r) 


be a perfect cube, prove 
(ac—b*)r* +. (ad—be)r+(bd—c*)=0, 
5. Find the condition that the cubic 
az? +.3bxt+3cx-+-d 
may be capable of being written under the form 
(aa) map) Hna y)’, 


` where ,, B,, Yı are the roots of the cubic 


a,m +.3b,2* 43c,24+d,=0. 
Comparing the forms we have 
a=l4+min 
—b=la,+mB,+ny,, 
c=la,*--mB,'-+ny,', 
—d=la, + mp ny," f 
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Also @,,°+-3b,¢,"+3c,¢, +d,=0, ete, 


Whence, multiplying these equations by d,, 3c,, 36,, a,, respectively, and adding, 
we find the required condition 


(ad,—a,d) —3(be, —b,c)=0. 
6. Ifa, B, y be thie roots of the cubic equation 
gt? + 3a,2*-+ 8ayr-+-d,—0 ; 
rationalize the equation J i 
; Va-at Ya—p+ ýa- y=0; 
and express the result in terms of coefficients a», a}, a5, a, 
; [Ans 125U,+-360HU,?+128GU,—48H*=0. 
7. Ifa, B, and a,, B, be the roots of the quadratic equations 
@,0*42b,2-+-0,=0, a,2*+-2bye-+0,=0 ; 
find the equation whose roots are the four values of ait. 
Let H,wa,,—b,*, H,=a,c,—b,*. 
[Ans. (a,a,9*—2b,b,9+¢,c,)*— 4H ,H,9°=0. 
N.B.—This and the two following Examples may be solved by expressing 
by radicals involving the coefficients. 
8.. Employing the notation of Ex. 7, form the equation whose roots are 


the four values of ata, 


Let 2K yy 2010, +440, + 2biby. 

(Ans. [2a,0,9*+-2(a,b, +-4,b,)9-+Ky,}'—H,H,=0- 

In this Example the resulting biquadratic is such that G—0. 

9. In the same case, if p=} (x,—a,)?, form the equation whose roots are 
the several values of 9. 

Let M=a,),—ayb,, 2H, a,c, + 4,0, —2b,b,. 

(Ans. [(2a,q,.9-+-H,,)"~ 2M" + H,H,}'=4H ,H,(0,0,9-+H,)*. 
10. Show that when the biquadratic has a double root, the cubic whose 
roots are the values of p (Art. 65) has the same double root ;and find what this 
cubic becomes when the biquadratic has three roots equal, 
11. If H and J be both positive, prove directly (without the aid of Euler’s ` 
cubic) that the roots of the hiquadratic are all imaginary. 

Tt appears from the expression for H in terms of the roots (Ex. 19, p. 42) 
that when H is positive there must be at least one pair of imaginary roots 
hżk y=. Now diminishing all the roots by h, and dividing them by k (which 

“transformations will not alter the character of the other pair of roots y, 8, nor 
the signs of H and J), the biquadratic may be put under the form 


(2*+4pe-+q)(a*+1), 
or w+ dpat -+6cx*4+4pr+¢, where 6c=¢+1 ; 
whence H=c—p*, l=q—4p*+ 30, 


J=ge-+2ptc—p(q-+1)—c¥=c(q—4p*—c*), 
and, therefore, 


q— ptm ct (H+ P+ gy 


—n_ 
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e -CR yJ-em 
proving that y and 8 are imaginary when H and J are positive (of, Ex. 8, 
Att. 61). 


12. If the biquadratic has two distinct pairs of equal roots, prove directly 


the relations 
a,*I =12H?, a3J=SH?. 
In this case the biquadratic divided by a, assumes the form 


2 sa—8 .2)2 zł—k? 2 
earam 2) -CSY =Car): 
k as. 
where z=ag0+a,, and aes: 
whence, comparing the forms 
zt—2k?z? -kt 
and zt -+6Hz?4-40z+a I —3H°, 
we find 3H =—k?, G=0, a'I —3H?=kt, 


from which the above relations immediately follow. The student will easily 
establish the identity of these relations with those of Ex. 3. Art. 61, Also 
it should be noticed that in this case only one square root is involved in 
the solition of the biquadratic [coming from the solution of the biquadratic 
(@—«(@—8)). : 

13. Find the condition that the biquadratic may be capable of being put 
under the form 

Kia? 2pa+g)?-+m(a*+2pe +g) +n. 
In this case the secund and fourth co-efficients are removed by the same 
transformation, and the general solution involves only two square roots.| 
[Ans. @=0. 
l4: Prove that J vanishes for the biquadratic 
m(x—n)t—n(2—m)*. 

15. If the roots of a biquadratic, æ, 8, y, 8 represent the distances of four 
points from an origin on a right line; prove that when these points form 
a harmonic division on the line the roots of Euler's cubic are in arithmetic pro- 
gression, and the roots of the Art, 62 in harmonic progression. 

° 16. Form the equation whose roots are the six anharmonic functions of 
four points in a right line determined by the equation 
a,v'-+-4a,0° +-6a,2* 4.4a,2-4-a,=0. 

The six anharmonic ratios are 

1 1 
Pi Fr Pas. a’ Pa, a 
(a—B)'y—38)_A— 0,—Os 
where PER ate a BS Serb hf ft a 
ii (y—2)(B—3) à—y 0,—6," 


(=op) ya hh, 
=B Ya) = e ~6,—0, * 
also the equation whose roots are 
iB—y)a—8), (y—a(B—8), («—By—8) 
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is one of the cubics 
@,%?—12a,1t+16+/ 13—27J2—0, 
The equation whose roots are the ratios, with sign changed, of the roots 
of either of those cubics is 


4A(¢*—9+1)?9—271%%9—1)?=0 (see Ex. 15, p. 72), 
where AslI*—27J2, 
- The roots of the equation in 9 are the six anharmonic ratios, This equa- 


tion can be written in a more expressive form, as will appear from the following 
propositions :— 

(a) The six anharmonic ratios my be expressed in terms of any one of 
thum, as follows :— 


1 l CES ọ 
aor plas ee 
Pe ed toate I-g 9 * 9-I 
From the identical equation 


(B—y)(a—8)+(y—a)(8—8)+(x—B)(y—8) =0 
we have the relations 
1 1 1 
—s=l — =l — ml 
a+ aparing Pat a =1, 3+ A ’ 
which determines all the anharmonic ratios in terms of any one of them. 
(b) If two of the anharmonic ratios become equal, the six values of 9 are 
—e and —a*, each occurring three times ; and in this case [=0, 
For suppose ?1=?2; we have then from the second of the above relations 
Pp +l =0, 
whence T ,=—o, or —wt; 


and substituting either of these values for ọ in (a), we find ali the anharmonic 
ratios. 


Also since 
A—h hy 
Tone {hear =0, or 3(#—v)*=0, 
we have 
Tm ttya,—40,0, +-3,*=0, 


tc) When one of tho ratios is harmonic, the six values of ọ are —1, 2, $ 
each occurring twice ; and in this case J=0 ; for if 


Ày 
@a=-], jy =—1, or 2—p—-v=0, 


one of the factors of J (see Ex, 18, p. 41). 
id) These results, as well as the convarse propositions, may be proved by 
writing the sextic in » under the following form (see Ex. 12, p. 97). 
T1(9 4-1)(9—2)(@—4)}*= 27) I(@ apop. 
17. Show that the equation 
( +14e+1\2 2(@—1) 
p+ l4p?-1 J Tet p11) 
is satisfied by the solutions which follow : 


P, ne (E, where 04=1. 
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18. Express 3(a—8)*(y—8)* as a rational function of 6,, 0,, 6, ; and ulti- 
mately in terms of the co-efficients of the quartic. 
A 2H 96 
[ Ane. —1283(6,—65)* (0,4 a (4HI+3aJ). 
19. Express 
(p*—y? ja — B24 (y? —a?) Bt — 8?) 24 (at—B2)"(y2—39)! 
as a rational function of @,, 0,, 95. 
This symmetric function is equivalent to 


2 
(4? —v8)?-+-(v?—29)2-+ (A? tjt = 256 3(8,—05)* KS £) > 
20. Form the equation whose roots are the several products in pairs of 
the roots of a biquadratic. 
The required equation is the product of three factors of the type 


" (e—By)(e—a8)=9*—29 + <mgt2 a +496). 
[Ans. (a9*—2cp +e)?§—4I9(ap*—2cp-+¢) +16Jp3=0. 


21. Form the equation whose roots are the several values of Be , where 


æ, B, Y, § are the roots of a biquadratic. 
The required equation is the Ape of three ears of the type 


B+y a+8 B+y 
(9-*F*)(e- 2 Jats 2 a Rang eee b a+ to, 
[Ans. 4(ap?+-2bp +c)? —I(ap*+ 269 +0)4+J=0. 
22, Prove 
1 9I /3aJ—2HI 
Z (apr 2 \ I-22 } 
From the expressions for æ, B, y, 8 in terms of 0,, 02, 04, we have 
3 ATEN phan q Oe toe Hae} 
(a-p)? 2a? Y(0,—0,)* *(8,—0,)? * (0:85)? S 
which may be expressed in terms of a, H, I, J, as above. 
0,” 
‘ aaar =O, 
23. Prove = (0,—0,)* 


if I=0, and m of the form 3p or 3p+1, p being a positive integer. 
24. Prove that 
Dsax*+cy*4-e2* +4 2dyz4-2czm + Way 
can be resolved into the sum of difference of two squares if 
Jsace+-2bel —ad?—eb?—c3=0, 
Here aU = (av -+-by +cz)?+ (ac —b*)y?+-2(ad —be)y24-(ae—c*)z, 
and (ac—b*)77? +-2(ad—be)y2+-(ae—c*)2* 
is a perfect square if e 
(ac—b*)(ae—c*) = (ud—be)?*, 
or J= 0. 
25. Ifa, B, ¥, 8 be the roots of the equation 
agr*+-4a,25 4 Sa,x" +4a.r+a,=9, 
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solve, in terms of the co-efficients @, 4, ete., the equation 
V2—atVe—B4+V 2-7 +V/2—8=0- 
When Va+VB+VY+V8=0 
is rationalized, and the co-efficients substituted for a, B, y, 3, we have 
(8aa,—2a,*?=a,8a,. 
Now, substituting U, U,, U,, Us, U, for ao, ay, dy, Gy, a, and reducing, we find 
aye-+a, -4 (a em 

26. To obtain the equation of differences of a biquadratic, the equation 
of semi-sums (Ex. 21, p. 123), and +> solve the biquadratic by one and the same 

Substituting 2’+p for x, and using the notation of Art. 65, we have 

axs +-4U 23 + 6U a? +402’ +U,=0, 
We can suppose z’ and p to have such values as satisfy the two equations 
az’t460,224U,=0, U2 4U,=0 ; 
from which it appears that corresponding to any value of p there are two values 
of 2’ equal with opposite signs, and when 2’? is eliminated we find an equation of 
the sixth degree for p. To obtain the values of p and x’ in terms of the roots 
a, B, y, 8, of the biquadratic, assume 
91+%’,=a, p,—2,’=8, whence 2p,=a-+P, 2a,’=a—B. 

The equation in x’, therefore, obtained by eliminating, p, is the equation 
of semi-differences, and the sextic in p the equation of semi-sums. By the mode 
of reduction of Art. 65 the latter equation can be readily expressed in the form 

4U,3—IU,4J=6. (Compare Ex, 21.) 

To solve the biquadratic, we have from the last equation U,—a, where 6 

is a root of the reducing cubic ; hence 


Bosy -U, -1 G ), 
U,=ap+b=Va9 H ; 22 = T = (V3 +y-) ; 
from which, finally, 
== G 
> aan ET og 
an expression. with only four values, in which the root of the biquadratic is ex- 
pressed in terms of a single root of the reduci g cubic. 


27. Prove that every rational algebraic function of a root 0 of a given 
cubic equation can in general be reduced to the form 


Let the given function be a , Where 9(9) and %(0) are rational integral 


functions of § of any degree. By successive substitutions from the given cubic each 
of these may be reduced to a quadratic. Hence the given function is reducible 
to the form 

fo +6,0-+ 040% i 

dy+d,0-+d,0" 
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Equating this to the form written above, and reducing by the given cubic, we 
obtain an ideritical equation, viz., L,+L,04+L,0°=0, where Le, L,, L, are linear 
functions of O,, C,, Do, D,. We have, therefore, the three equations D,=0, L,=0, 
L,=0, to determine the ratios of Ce, O}, Do, Di- 

28. Prove that the solution of the biquadratic does not involve the ex- 
traction of a cube root when any relation among the roots a, 8, Y, 8 exists which 
can be expressed by the vanishing of a rational function of a root 0 of the reduc- 
ing cubic. : 

Any rational function of 6 can always be depressed to the second degree, 
as in the preceding example. Hence the determination of @ will not involve the 
extraction of a cube root ; ond the formula of Ex. 26 shows that the expression 
for the root of the biquadratic will not then involve any cube root. 

29. Find in each case the relation which connects the jroots of the 
biquadratic when the equation 

4p—Ip+J=0 
is satisfied by any of the following values of p :— 


H 1e — zT T- nN. ed 
(1) =, (2) ¢, (3) 0, (4) ve £, (5) y = (6 A/ is 8) “a. 


[Ans, (1) B+y—a%—8=0, (2) B+y=0, (3) (y—«)(B—3)—(a—BYy—8)= 0, 
(4), (8) By—a8=0, (5) (y—2)(B—8)—eo(a—B)(y—8)=0, (6), (7) (B—y)=0- 
30. - Prove the identity 
ag'(I3— 273") = (a I —3H*)(a9?] —12H*)?+ 276%? 20,5J). 
This may be proved as follows :— Putting a,=0 in the values of J and J, and ex- 
panding, it readily appears that the part of A independent of a, may be thrown 
into the form 


Ag (tot, —94,*)? +-27a90,*(2a92,4,—y2,*—2a,3). 
Now, replacing aa, a}, @, by Ay, Az, Ay, and substituting for the latter 
quantities the values of Act. 37, we obtain the result. Mr. M. Roberts. 
31. When a biquadratic has two equal roots, prove that Euler’s cubic 


has two equal roots whose common value is 


and hence show that the remaining two roots. of the biquadratic in this case are 
real, equal, or imaginary, according as 2H I—3aJ is negative, zero, or positive. 

32. Prove that when a biquadratic has —(1) two distinct pairs of equal 
roots tho last two roots of the equation of squared differences (Art. 67) vanish, 
giving the conditions A=0, 2H/—3aJ=0; and when it has —(2) three roots 
equal, the last three terms of this equation vanish, giving the conditions [=0, 
J=0 ; and show the equivalence of the conditions in the former case with those 
already obtained in Ex. 3 Art. 61, and Ex. 12, p. 121. Prove also that the equa- 
tion of squared differences reduces in the former tase to 9*(a%9+12H)*, and in 
the latter case to 9%(a*p +-16H), 
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PROPERTIES OF THE DERIVED FUNCTIONS 


69. Graphic Representation of the Derived Function. 
Let APB be the curve representing the polynomial f(x), and P the 
point on it corresponding to any 
value of the variable ~=OM, Wo 
proceed to determine the mode 
of representing the value of f'(x) 
at the point P. Take a second 
point Q on the curve, correspond- 
ing to a value of x which exceeds 
OM by a small quantity A. Thus 
OM =x, MN=h, ON =x-4-h ; also 
PM=f(x), QN =f(x-+-h). 

The expansion of Art. 6 


gives ` 
thA (er AO wn, 


Het WM) peg SC) hg s(2) 
1.2 


or 
But f ein (2) eae S =tan QPS=tan PRN. 
Now, when A is indefinitely diminished, the point Q approaches, and 
ultimately coincides with, P ; the chord PQ becomes the tangent PI 
to the curve at P ; the angle PRN becomes PTM. Also all terms of 
the right-hand member of equatién (1) except the first diminish 
indefinitely, and ultimately vanish when h=0. The equation (1) 
becomes, therefore, 
tan PTM = f'(x) ; 

from which we conclude that the value assumed by the derived func- 
tion f'(x) on the substitution of any value of x is represented by 
the tangent of the angle made with the axis OX by the tangent at 
the corresponding point to the curve representing the function f(x). 

70. Maximum and Minimum Values of a Polynomial. 
Theorem. Any value of x which renders f(z) a maximum or 
minimum is a root of the derived equation f’(x)=0. 


126 
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Let « be a value of x which renders f(x) a minimum. We pro- 
ceed to prove that f'(x)=0. Let h represent a small increment or 
decrement óf x. We have, since f(«) is a minimum, 
S(a)<fla+h), also f(a)<fla—h) ; 
hence f(a-+h)—f(«), and f(a—h)—f(«) are both positive, i.e., the 
l following two expressions are positive :— 


F an4 Se (O) aa atsa 


-f'o Fe ie 


i 
i 
| Now, when % is very small, we know (Art. 5) that the signs of 
these expressions are the same as the signs of their first terms ; hence, 
l in.order that both should be positive, f'(«) must vanish ; and, more- 
over, f”(a) must be positive. An exactly similar proof shows that 
when f(a) is a maximum f’(«)=0, and f"(a) is negative. Thus in order 
to find the maximum and minimum values of a polynomial f(x), we 
must solve the equation f’(x)=0, and substitute the roots in f(x). 
Each ropt will furnish a maximum or minimum, the criterion to 
decide between these being the sign of f”(x) when the root is substi- 
tuted in it---when f’(x) is negative, the value is a maximum ; and when 
{’(x) is positive, the value is a minimum. 
The theorem of this Article follows at once from the construc- 
tion of Art. 69; for it is plain that when the value of f(x) is a 
maximum, as at P, P’ (Fig. 6), or 
a minimum, as at p, p’, the tan- 
gent to the curve will be parallel 
to the axis OX, and, conse- 
quently, 
tan PTM =f'(x)=0. 
Fig. 6 represents a polynomial of 
the 5th degree. Corresponding 
to the four roots of f’(a)=0" 


i (supposed ail real in this case), Fig. 6. s; 
| viz, OM, Om, OM', Om’, there 
are two maxima, MP, M’P’ ; and two mirima, mp, m'p’. 
Examples s 


1. Find the max. or min. value of 
S(z) = 2z*+2—6, 
l S'(2)=420+1, f" (z)=4. 
1 —49 
; z= {makes f(z)=—Z— a minimum» 
i (See Fig. 2, p. 12.) 


| e t 
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2. Find the max. and min. values of 
fla) =2x3—3a*— 360-414, 
F(a) =8(a*—a —6), fi(w) =v(22—1). 
æ= —2 makes f(%)=68, a maximum, 
w= 3 makes f(x)=—67, a minimum, 
3. Find the max. and min, values of 
f(x) = 3x162 +62? 48r. 

Here f'(w)=0 has aoe ouo real root, v=4 ; and it gives a minimum value, 
f(@)=—345. 

4. Find the max. and min. values of 

S(e) = 1028 —17x?4-a+-6. 

The roots of f'(x) are, approximately, ‘0302, 1-1031. The former gives à 
maximum value, the latter a minimum. [See Fig. 3, p. 12). 

71. Rolle’s Theorem. Between two consecutive real roots a 
and b of the equation f(x)=0 there lies at least one real root of the egua- 
tion f'(x)=0. 

For as x increases from a to b, f(x), varying continuously from 
fia) to f(b), must begin by increasing and then diminish, or must 
begin by diminishing and then increase. It must, therefore, pass 
through at-least oue maximum or minimum value during the passage 
from f(a) to f(b). This value (f(a), suppose) corresponds to some value 
a of x between a and b, which by the theorem of Art. 70 is a root of 
the equation f’(z)=0. 

The figure in the preceding Article illustrates this theorem. 
We observe that between the two points of section A and B there are 
three maximum or minimum values, and between the two points B 
and C there is one such value. It appears also from the figure that 
the number of such values between two consecutive points of section 
of the axis is always odd. 

Corollary. Two consecutive roots of the derived equation may 
not comprise between them any root of the original equation, and never 
can comprise more than one. 

The first part of this proposition merely asserts that between 
twa adjacent zero values of a polynomial there may be several 
maxima and minima ; and the second part follows at once from the 
above theorem ; for if two consecutive roots of f'(x)=0 comprised 
between them more thay one root of f(z)=0, we should then have two 
consecutive roots of this latter equation comprising between them no 
root of f’(z)=0, which is contradictory to the theorem. 

72. Constitution of the Derived Functions. Let the roots 
of the equation f(x)=0 be a1, a, a3,-+., an. We have 


Siz) = (Z—04)(2—a4)(%#—a)...(7— an). 
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In this identical equation substitute y+ z for x; 
Sy +2)=(y+2—ay)(y+2—ag)...(y-+a—an) 

=H Hy" 1+ Gay"? 4-0. +n +n, 

where 

Go HBO +-X—Og4+%—a4+...t¢—Gy, 

o =(%¥—a)(x— Og) +- (04) (2 —ars)-+ ++++(©— ani) — an) 

Yn-1=(T— tg) (@—~ as)... (1—an)+(1—a (1—0)... (2 — Gg) oe 

+(%—o)(7—a9)...(¢—an_1), 
In =(£—a)(£—a)(£— a3)... (2— an). 
We have, again, 


, 


Juta =se s cet LO yy tye 


Equating the two expressions for S(y+z), we obtain 
JS(#) = (%—a4)(x—a)...(a7—an), 


Sf'(@)= (®@—ag)(%—arg)... (2 —atq) + sipia » as above written, 
FO) _ the similar value of fn- in terms of x and the roots, 


The value of f'(x) may be conveniently written as follows :— 


p= JO, JA 4 y fe) 


t—ay T— ag EAn 


73. Multiple Roots. Theorem. 4 multiple root of the order 
m of the equation f(x)=0 is a multiple root of the order m—1 of the first 
derived equation f'(x)—0. F 


This follows immediately from the expression given for f'(x) in 
the preceding Article ; for if the factor (x—a1)” occurs in f(z), ie., if 
A= E.s =A We have 

f'(z)= me: fi) TE fæ z 


T— Oy "Laat  B— Oy 


Each term in this will still have (~—«,)" as a factor, except the 
first, which will have (z—o)™"1 as a factor ; hence (x—a,)™-1 is a 
factor in f'(x). ; 


Corollary 1. Any root which occurs m times in the equation 
f (x)=0 occurs in degrees of multiplicity diminishing by unity in the first 
m—1 derived equations. 
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Since f"(x) is derived from f'(x) in the same manner as f'(x) is 
from f(z), it is evident by the theorem just proved that f”(x) will 
contain (x—«,)"~? as a factor. The next derived function, f(x), will 
contain (7—o,)™-* ; and so on. 

Corollary 2. If f(x) and its first m—1 derived functions all 
vanish for a value a of x, then (a—a)™ is a factor in f(x). 

This, which is the converse of the preceding corollary, is most 
readily established directly as follows :—Representing the derived 
functions by filt), fa(2).-+-» Sm-s(*) (see Art. 6), and substituting 
a-+x—a for x, we find that (x) may be expanded in the form 


hotho- at 2) (may tp Spey (aay 


from which the proposition is manifest. 


74. Determination of Multiple Roots. It is easily inferred 
from the preceding Article that if f(x) and f'(x) have a common factor 
(e—a)™-1, (x—a)™ will be a factor in f(x) ; for, by Cor. 1, the m—2 
next succeeding derived functions vanish as well as f(x) and f’(z) 
when za ; hence, by Cor. 2, a is a root of f(x) of multiplicity m. 
In the same way it appears that if f(x) and f'(x) have other common 
factors : 


(z—8)*", (z—y)*}, (z—8)""}, ete., 
the equation f(z)=0 will have p roots equal to B, q roots equal to y, 
r roots equal to 8, etc. } 


In order, therefore, to find whether any proposed equation has 
equal roots, and to determine such roots when they exist, we must 
find the greatest common measure of f(x) and f'(x). Let this be 9(z). 
The determination of the equal roots will depend on the solution of 
the equation ¢(x)=0. 


4 Examples 
1, Find the multiple roots of the equation 
29 -42?—16r4-20=0. 


The G.C.M. of f (z) and f'(x) is easily found to be z—2; hence (x—2)* is a 
factor in f(z). The other factor is x 4-5. 


* Whenever, after determining the multiple factors of f(z), we wish to obtain 
the remaining factors, it will be found convenient to apply by repeated operations 


THEOREM i 131 


the method of division of Art. 8. Here, for example, we divide twice by z- 2 
he calculation being represented as follows :— 


1 1 —16 20 
2 6 —20 

1 3 70" 0 
275 10 

1 5 La 


Thus 1 and 5 being the two cg-efficients left, the third factor is 745. 
This operation verifies the previous result, the remainders after each division 
vanishing as they ought. 


2, Find the multiple roots, and the remaining factor, of the equation 
x—10z*4-152—6=0. 
The G.C.M. of f(x) and f'(x) is found to be x*—2xr+41. Hence (z—1)* is 
factor in f (x). Dividing three times in succession by «—1, we obtain 
S(@) = (e@—1)(@*+-32 +6). 
3. Find the multiple roots of the equation 
xt—2a8—1]z*4122436=0. 
The G.C.M. of f (x) and f(x) is 2?~x—6. The factors of this aro x p2 
and z—3. Hence : 
F(x) =(#+2)(x—3)*. 
4. find all the factors of the polynomial 
fle) =x* —5x8 4-52-4923 142742 48, 
[Ans. f(x)s(@—1)(x+-1)*(2—2)8. 
The ordinary process of finding the greatest common measure 
of a polynomial and its first derived function may become very 
laborious as the degree of the function increases. It is wrong, 
therefore, to speak, as is customary in works on the Theory of 
Equations, of the determination in this way of the multiple roots of 
, numerical equations as a simple process, and one preliminary to 
further investigations relative to the roots. It is chiefly in connexion 
with Sturm’s theorem that the operation is of any practical value. 
2 The further consideration of multiple roots is referred to Chap. X, 
where this theorem will be dicussed. It will be shown also in Chap. 
XI that the multiple roots of equations of degrees inferior to the 
sixth can, in any particular instance, be determined from simple con- 
siderations not involving the process of finding the greatest common 
measure. 


75. This and the succeeding Articfe will be occupied with 
theorems which will be found of great importance in ‘the subsequent ` 
discussion of methods of separating the roots of equations. 


Theorem. In passing continuously from a value a—h of 
x alittle less than a real root a of the equation f(x)=0 toa value a+h 


« à 
e 
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a little greater, the polynomials f(x) and f'(x) have unlike signs immedi- 
ately before the passage through the root, and like signs immediately after. 
Substituting «—A in f(x) and f'(x), and expanding, we have 


Janas- oht Fin... 
fe-h= PoS hy 


Now, since f(a)=0, the signs of tliese expressions, depending dn those 
of their first terms, are unlike. When the sign of h is changed, the 
signs of the expressions become the same. The theorem is, therefore, 
proved. 

Corollary. The theorem remains true when o is a multiple root 
of any order of the equation f(z) =0. 

Let the root be repeated r times. The following functions 
(using suffixes in place of accents) all vanish :— 


f(a), fila), Sala) , fr-1(0)- 
In the series for f(«—h) and f'(x—h) the first terms which do 
not vanish are, respectively, 
f(x) r f, (a) ' py- 
Pe A OR E TE 
These clearly have unlike signs ; but when the sign of h is 
changed the signs of the terms will become the same. Hence the 
proposition is established. 
76. Extending the reasoning of the last Article to every con- 
secutive pair of the series 


f(x), fila), fal), Saree? »Sr-1(2), 
we may state the proposition generally as follows :— 


Theorem. When any equation f(x)=0 has an r-multiple root 
a, a value a little inferior to a gives to this series of r functions signs 
alternately positive and negative, or negative and positive ; and a value a 
little superior to it gives to all these functions the sume sign ; and this 
sign is, moreover, the same as the sign of f,(x), the first derived function 
which does not vanish when «a. is substituted for x. 


In order to give avprecise idea of the use of this theorem, let us 
suppose that f,(«) is the first function which does not vanish when « 
is substituted, and let its sign be negative ; the conclusion which may 
be drawn from the theorem is, that for a value «—} of x the signs of 
the series of functions f, fi, fa Sa, Jo Ss, are ; 


s iri 
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and for a value «+4 of x they are 


for before the passage through the root the sign of fs must be differ- 
ent from that of f, ; the sign of f, must be different from that of fs, 
and so on ; and after the passage the signs of all the functions must 
be the same. It is of course assumed here that h is so small that no 
root of f,(z)=0 iseincluded within the interval through which 7 
travels. 


Examples 


l. Find the multiple roots of the equation 
fix) at 12294 320% — 242 +4=0. 
[Ans. f(a) = (2 +62 —2)*. 
2. Show that the binomial equation 
a®—a"=0 
cannot have equal roots. 
3. Show that the equation 
2" _ngx+(n—1)r=0 
will have a pair of equal roots if g’=r"~. 
4. Prove that the equation 
a 45px+5p*z+q=0 
hhas.a pair of equal roots when q@+4p'=0 ; and that if it has one pair of equal 
roots it must have a second pair. 
5. Apply the method of Art. 74 to determine the condition that the cubic 
2343Hz+G=0 
should have a pair of equal roots. i 
The last remainder in the process of finding the greatest common 
measure must vanish. [Ans. @?44H*=0. 
6. Apply the same method to show that both G and H vanish when the 
cubic has three equal roots. 
7. Ifa, ®, y, 8 be the roots of the biquadratic f(z)=0, prove that 
f(a) H +S) 
can be expressed as a product of three factors. 
{Ans. («+-8—y—8)(a-+-y—8—8)(a+8—-B—Y)- 
8. Ifa, B, y, 8, ete., be the roots of f(x)=0, and 2’,8’, y’, ete., of f'(@)=0, 
prove 
LDS BY LY) LB) oer = LE) I OVI 
and that each is equal to the absolute term in the equation whose roots are the 
squares of tho differences. 2 
9. If the equation 
a4 pel 4 pant.. Pat t+ Pn=0 
have a double root a, prove that « is a root of the equation 
per 4-2pc"-* + 3p ZP-F + eee +npy=0. e 
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10. Show that the max. and min. values of the cubic 
az? +3ba*+43cr+d 
are the roots of the equation 
a te a*p?2Gp + A=0, 
where A is the discriminant. 


If the curve representing the polynomial f(z) be moved parallel to the 
axis of y (see Art. 10) through a distance equal to a may. or min. value p, the 
axis of% will become a tangent to it, ùe., the equation f(z)—p=0 will have 
equal roots, Hence the max. and min. values are obtained by forming the 
discriminant of f(z)—p, or by putting d—p for d in G?4H3=0. 

11. Prove similarly that the max. and min. values of 
axt4bx34.6cx"44dete 
are the roots of the equation 
ap —3(a*I —9H*) p?+3 (al*—18HJ)p— A=0, 
where A is the discriminant of the quartic. 
12. Apply the theorem of Art. 76 to the function 
Sf (%)=24—Tx3 4.150? 13244, 
We havo 
J(2)=423 — 21274302 —13, 
S,(z)=2(6x*—21z+-15), 
Siz) =2(12e—21), 
SF, (2) =24. 

Here f(x) is the first function which does not vanish whon #=1 ; and 
41) is negative. What the theorem proves is, that for a value a little less, than 
1 the signs of f, f,, fa, fa are +-—+-—, and for a value a little greater than | they 
are all negative. We are. able from this series of signs to trace the functions Je 
fy etc., in the neighbourhood of the point z=1, Thus the curve representing f(z) 
is above tho axis before reaching the multiple point v=1, and is below the axis 
immediately after reaching the point, and the axis must be regarded as cutting 
the curve in three coincident points, since (z—1)* is a factor in f(z). Again, the 
curve corresponding to f(x) is below the axis both before and after the passage 
through the point z=1. It touches the axis at that point. The curve represent- 
ing f,(z) is above the axis before, and below the axis after, the passage, and cuts 
the axis at the point. 


*o CHAPTER VIII 
SYMMETRIC FUNCTIONS OF THE ROOTS 

77. Newton’s Theorem on the Sums of the Powers of the 
Roots. We now resume the discussion of symmetric functions of the 
roots of an equation, of which a short account has been previously 
given (see Art. 27) ; and proceed to prove certain general proposi- 
tions relating to these functions :— 

Prop. I. The sums of the similar powers of the roots of an equa~ 
tion can be expressed rationally in terms of the coefficients. 

Let the equation be 

f(x) Sa" ppt" + Pat? Ff veers +2Pn 
= (x— y )(1—ta)(1— as). (z—an)=0. 

We proceed to calculate Zat, Zat, , Ja”; are, adopting 
the usual notation, Sg, 83,..-+-- , 8m) in terms of the coefficients Pi, Pa- 
nog Dias 

We have, by Art. 72, 

‘an Se) , Se) fa) 
T e a eoeees 4+ 2b, 
=nz"-1+(n— 1)p,2"-2-+- (n —2) pg” $+ + 2p n-at 
and we find, dividing by the method of Art. 8, rae 


Le) _ pnt a | an- ja? | anpa’ pr-§+...fan1 


a +p.) tpa | + pa +p"? 
| +Pa | + Poe +p"? 
+Ps NAE 
+Pn-a% 
; +HPn-r 


If, in this equation, we replace « by each of the quantities 
, %& in succession, and put s,=2@ Hay? ag? +. ton’, we 


igi adding all these results, the following value for f'(z):— 
fi (2) =nar-*+8, | an-3 tss anys | Mb reves +6n-1 
tmp, +P | HRe +Pite-s 
aP ` +P ss +Pabn-s 
+NPs cessos 
e +Pn-251 
+ 1py-1i 


j 
1 
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whence, comparing this value of f'(x) with the former, we obtain the 
following relations :— 
8,+p,=0, 
8+ 2181 +2p,=0, 
Sat Pisat Pas +3p3=0, 
Sat Pisa HP + Pas +4p,=0, 
Sn-1HPiSn-a + PaSn-3 H. HDn- + (n—1)Ppn-1=0. 

The first equation determines s, in terms of Dis Pireus Pn ; the 
second s, ; the third sz ; and so on, until s,_, is determined, We find 
in this way 

81= —P1y 82= Py? —2pa, 85= —p,3-+-3p, py— 3Ps, 

u= Pi‘—4p?p.+4p,p,+ 2p,?—4p,, 

s= P+ 5p  Pe— 5p Pa— 5P — pa) pi +5 PaPa— ps) ; ete. 

Having shown how s,, 8g, 83,-++..,%,_, CAN be calculated in terms 
of the coefficients, we proceed now to extend our results to the sums 
of all positive powers of the roots, viz., Ens Sapyyseress »8m- For this pur- 
pose we have 


an f(x) =2"+-pa"-lt pe 24. + pyr”, 
Replacing, in this identity, x by the roots gy isons bee » 4, in 
succession, and adding, we have 
Smt PiSm-1 + P28m-2+ seeeee +Pr8m-n=0. 


Now, giving m the values n, n+l, n+2, ete., successively, and 

observing that s,—n, we obtain from the last equation 
8n + P18n-1 + Posna t -o +2Pn=9, 
SntitPi8n + Pa8n a -eeeee + nd, =0, 
SntotPisntit Pasn +... +Pn5,=9, ete. 

Hence the sums of all positive powers of the roots may be 
expressed by integral functions of the coefficients, And by transform- 
ing the equation into one whose roots are the reciprocals of 
Oy, Og, Agrese > &n, and applying the above formulas, we may express 
similarly all negative powers of the roots, 

78. Prop. II. Every rational symmetric function of the roots 
of an algebraic equation can be expressed rationally in terms of the 
coefficients. 

It is sufficient to prove this theorem for integral functions only 
since fractional symmetric functions can be reduced to a single 
fraction whose numerator and denominator are both integral sym- 
metric functions, Every integral function of a, og, a ,-!-,%, is the sum 
of a number of terms of the form Na,4a_%a,”...,where N is a numerical 


—$—<—$<$—$$———_——_ , 


© 
+ 
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constant ; and if this function be symmetrical we can- write it under 
the form NX a,%a.%x9"..-, all the terms being of the same type. There- 
fore, if we prove that this quantity can be expressed rationally in 
terms of the coefficients, the theorem will be demonstrated. We 
shall first establish the following value of the symmetric function 
Zata! :— 

Ta ag = Spy —Spq- saad) 

To prove this, e multiply together sy and sq, where 

8p = a2 + cg? tg? +.. anh, 
8q= 0 Ha +039 + «On? 
whence 
Sy8g= Ogre ght... Fan t Ha aat antag? ete., 
or 898g =Sp4q HZ0 a, 
which expresses the double function Za,’a,? in terms of the single 
functions 8», 8%, 8749, in the form above written. 

We proceed now to prove a similar expression for the triple 
function, viz., 

Fataga = 8 9898,—Sqpr8p— 8+ 98q —Spiq5r +28 p4g4r +++(2) 

Multiplying together Za,”a,? and s,, where 

Za at= aHa + 170g" + --- 
s, = 047 + tg” Hag + tan, 
we obtain an expression consisting of three different parts, viz., terms. 
of the form Za tag, Datta, and Za, atag. 
Hence 
5, Eata = Satta + Dat 04? + Za REALA 
a formula connecting double and triple symmetric functions. 
But, by (1), 
Za” "thy" =8p4r8q —Shigtrs 
Z att a= 89478? —Spiq brs 
Eaa =8p8_ —Sptq: 

Substituting these values, we find the triple function Zaat” 
expressed as above in terms of single functions in the series 
81, 82, 83, ete. 

In the same manner the quadruple’ function Dx,Pa_%as’ ag, 
can be made to depend on the triple function Ya,%a9%,”, and ultima- 
tely on si, , Sẹ ete. ; and so on, Whence, finally, every rational 
symmetric function of the roots may be expressed in terms of the 
coefficients, since, by Prop. I., Sı, 8a 8s, etc., can be so expressed. 


. ` 
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‘The formulas (1) and (2) require to be modified when any of 
the exponents become equal. 
Thus, if p=q, a;0_"=0%c,%, and the terms in (1) become equal 
two and two ; therefore, Ya,%a,?=22a;%a.? ; whence 
Za, ag’ =}(s— 823). 
Similarly, if p=q=r in Za;’a,®a", the six terms obtained by 
interchanging the roots in a,*a%x,” become all equal ; hence 


1 
Zaag a= 23 (8p —38 p59 +2839). 


And, in general, if exponents become equal, each term is 
repeated 1. 2. 3... t times. 


Examples 
1. Prove 
Za Paa a 8584873 ,— S8phqhrts+2F%p%qgrtst D8pyaerts— OSprarets 
2. Prove 


243a, Ma, Ma Ma M= 846 — 68 m 8em +88 msm + 382° — bem: 
79. Prop. III. The value of 8,, expressed in terms of Pı Pr 
«Pn: 18 the coefficient of y” in the expansion, by ascending powers of y, 


of —r log y° ( P ) 
Since 
anpi" 1+ pye™24. + Dy = (2—0 )(2— 0). :(1— an) 


putting = for æ in this identical equation, we find 


1+ pay HPW HPY + «+--+ Pay" = (1—ayy)(1—agy)---(1 any). 
Now, taking the Napierian logarithms of both sides, 


Pvt Pa PHP | vty hyt,  lyi+ete.,...+Py’ tete- 


ay Bef Ps — PPs —PoPs 
+ aa + - pèl +PP? 
ar, Pi? Pa +PêPa 
zari Pr‘) —PiPs 
— Pi Pa 
+-. Pp" 


1 1 Tes ret 
a as ah y*8,--- g Vn 8, — ete. 


e 
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Therefore, equating coefficients of y” in both expansions, 
&,=—1 P n 


where P, is the coefficient of y” in log yf G) 


From the above identical equation it may be seen that s, (r less 
than n) involves the coefficients Pı, Po» Pss--+» Pr only ; and, therefore, 
Pr+ Pro- Pn May be made to vanish without affecting the form of 
the expression of s, in terms of the coefficients. 

80. To express the coefficients in terms of the sums of the powers: 
of the roots. i 

Since 

1+ pyy + pay? +--+ Pay" = (1—any)(1 egy) (1 an)» 
we have 


1 ae 
log (1+-piyt «+» + Pa") = 951 — > a mea a E AA «(1) 
and, therefore, 


1 py cpa teagen eT, 
which becomes by expansion 


1 1 ! 
1—sy—-9 *s P= Er a | pane 
eal l ' l | 
Hyaa | tigan | Varig eit 
1 | 1 | 
— as 1 — Tp e178, 
i tsar) | weer | 
1 2 
tyg“ 
| 
TE 
taga 


Now, comparing the coefficients of the different powers of y, we 
obtain values for p,, Pa, Pa- Pn, in terms Of S1, $3)---8n 5 and we see 
that p, involves no sum of powers beyond s,. 

If the identity (1) be differentiated with régard toy, the equa- 
tions of Art. 77 connecting the coefficients and sums of powers may 
be derived immediately from the resulting identity. 

It is important to observe that the problem to express any 
symmetric function to the roots in terms of the coefficients, or any 


. `Y 
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coefficient in terms of the sums of the powers of the roots, is perfectly 
definite, there being only one solution in each case. 


General expressions, due to Waring, for s,, in terms of the 
coefficients, and for p,, in terms of the sums of the powers ‘of the 
roots, will be given in a subsequent chapter. 


Examples 
1. Determine the value of 


| (Hy) Pla) ++ + O(n)» 


where 2, a, ,+-., &, are the roots of f()—0, and p(x) is any rational and integ- 
ral function of x. 


© 


We have 
f(x) 1 ! 
Ja) W2-a,ta—a,t tia,’ 
‘ani Fea, Fe P(x) e(r) 


Key mim T gay +” etaa =a, 
Performing the division, and retaining only the remainders on both sides 
of this equation; we have 
Rx 4-Ryah* +... -+Rn_ -1 _ 2(%) ) P(t) ltn) 5 
Jæ “ro —a, 2— ta, 1 “toon? 
whence Ryx"-++-R,a"-*4+....+ Ry_, = 39(%,)(@—ag)(W— a). (atn) 5 
and, comparing the coefficients of a*-! on both sides of the equation, 


=JS9(%)- 


1 
2." Provo that sp isthe coefficient of 75); in the quotient of the divi- 
ion of f'(x) by f(x} arranged according to negative powers of x. 


3. Prove that s_, is the coefficient (with sign changed) of x?-* in the 
same quotient arranged according to positive powers of v. 
4. If the degree of 9(x) does not exceed n—2, prove 


ire: lar) 0, 
Fed 
r=n > : 
where J denotes the sum obtaired by giving r all values from | to n inclusive. 
ml 
We Lave, by partial fractions, 
+ Mino Un Ay pds An. 
fiz). “e—a, + s—a, t“tane, 
and, multiplying across pa and putting @=a,, dg.--.++ in succession, 
2) ola) gla) 1 olan) 1 


= Tey rete eam tt Plan) A ay” 
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whence 


zela) = aler) (zy Sr 4 Ore ; 
Ha) =a Fe) (1+ ~ + s+) 


When 9(:x) is of the degree n—2 ; expressing the first side of the equation 
as a function ee „it readily appears that there is‘no term without 3 as a mul- 
tiplier. We have, therefore, comparing coefficients, 

ott tS). 0, 


RS Te) 
As ọ may be any rational and integral function of degree not higher than 
n—2, we have the following particular oases which are worthy of special 


notice :— 
an? an-s a 1 
-r =0, =r =0 eee = 0, has wa, 
Zra 2 Fe) Fe? Fe) 
9. Given the following n—2 equations between n variables £, 24)... i— 
r= r 


z 


n r=n =n 
%,=0,- E apt y=0,... Z a," ~*2,=0, 
r=] r=1 r=1 
express the n variables in terms of two new variable Xj, X, 
Ans. t= ane rea 


f ; (27) 
81. Order and Weight of Symmetric Functions. The 


degree in all the roots of any term of a symmetric function of the 
roots [see Art. 21] is called the weight of the function. The highest 
degree in which each root enters the function is called its order. The 
weight, for example, of Zag?’ is six, and its order three. It has been 
proved (Art. 28) that in the value in the terms of the coefficients of 
any symmetric function of the roots the sum of the suffixes in each 
term is equal to the weight of the function. We now prove another 
proposition relating to symmetric functions, viz., —The degree in terms 
of the coefficients Pi, Pa,-.-» Pn of the value of any symmetric function is 
equal to the order of symmetric function. 

This can be readily inferred from the equation of Art. 23, since 
the value of each coefficient in terms of the roots contains any root in 
the first ‘power only, and, therefore, the highest degree in the coeffi- — 
cients will be the same as the degree of the corresponding symmetric 
function in any individual root. The value of Sa?ß?, for example, is 
pè — 2p: Pa t+ 2Ps- The degree of this function of the coefficients is two, 
which is also the order of the symmetric function. 

As the proposition just stated is of importance, we add another 
proof, in which the symmetric function multiplied by a suitable power 
of dy is expressed as a homogeneous and integral function of the 
coefficients do, Gp Oa- Ens the form in which the result will usually 
appear in subsequent applications. 
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_ Replace the coefficients - 
esha pale ee 
Pis Post- Pn DY agra, ta 
Now, if (œi, &a--, %n) dehote any rational and. integral sym- 
metric function of the roots, we have 
Ao" 9011, Aa,- On) =F (do, Gy, Qg,.+45 An), 
where h is the degree, in the coefficients, of F(a, ay, dg,..-, An), a 
homogeneous and integral function of the coefficients not divisible by 
ag. 
We require now to show that h is the order of 9. For this 
purpose change the roots into their reciprocals, and, therefore, a, 


sen Cg TOO. Orig. hg ai »%. Whence 
1 1 l 
aofi ; ra =) =F (dn, Gn_1, Gn_g,---;49) 3 al) 
also 
of 1 ; sree 1l -)= Plais Og, Agy serene + On) 
oy” on (CA PAE may 


where p is the order of 9, and 4 an integral function not divisible by 
the product of all the roots ; (a;a9%4.-.-2n)* being the lowest common 
denominator of all the terms. Substituting in (1), we have 

AP Yu, Qasos On) = An? AF (an angri, Ao). 

From this equation it follows that p is equal to h ; for if p were 
greater than h, (a, 09,.-.-.- > %) would be divisible by the product ` 
e sys ss an, and if it were less, the function of the coefficients 
F (dn, Gy-1,+++, 49) Would be divisible by a,, both of which suppositions 
are contrary to hypothesis. 


82. Calculation of Symmetric Functions of the Roots. 
Any rational symmetrié function can be calculated by aid of the pro- 
position of Art. 78. In practice, however, other methods are usually 
more convenient, as will appear from the examples which follow the 
present Article. We shall show also, when this subject is resumed in 
the second volume of this work, that use may be made of methods 
founded on the principles there explained to facilitate in many ins- 
tances the caleulation of symmetric functions. 


The number of terms in any symmetric function of the roots is 
casily determined. For example, the number of terms in Za,’ of 
the equation of the n’* degree in n(n—1)(n—2), this being the 
number of permutations of n things taken three together. If the ex- 
ponents of the roots in any term be not all different, the number of 
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terms will be reduced. Thus Zo*fy for a biquadratie consists 
of twelve terms only (see Ex. 6, p. 39), and not of twenty-four, since 
the two permutations «8Y, ayß give only one distinct term, viz., «By, 
in 32267. The student acquainted with the theory of permutations 
will have no difficulty in effecting these reductions in any particular _ 
case. When two exponents of roots are equal, the number obtained 
on the supposition that they are all unequal is to be divided by 1:23 
when three become equal this number is to be divided by 1.2.3; 
and so on. In general, the number of terms in Z,4a:a3”,.---.. of the 
equation of the nt® degree, each term containing m roots, and v of 
the indices being equal, is 
n(n—1)(n—2)...(n—m-+-1) 

: io ae 

When the highest power in which any one root enters into the 
symmetric function of the roots is small, i.e., when the order of the 
function (see Art. 81) is low, the methods already illustrated in Art. 
27 may be employed with advantage for the calculation of the 
symmetric function. 


It is important to observe that when any symmetric function, 
whose degree in all the roots (i.e., its weight) is n, is caleulated in 
terms of the co-efficients P1, Pas -+» Pn for the equation of the n'™- degree, 
its value for an equation of any higher degree (the numerical 
co-efficients being all equal to unity) is precisely the same ; for it is 
clear that no co-efficient beyond p, can enter into this value, and the 
equation of Art. 77, by means of which the calculations can be 
supposed to be made, have precisely the same form for an equation 
. of the n“ degree as for equations of all higher degrees. It is also 
evident that the value of the same symmetric function for an 
equation of a degree m (lower than n) is obtained by putting 
Pmtv Pmtas +019 Pn all equal to zero in the calculated value for an 
equation of the n'” degree, since the equation of lower degree can bo 
derived from that of the n® by putting the co-efficients beyond p,, 
equal to zero; and the corresponding symmetric function reduces 
similarly by putting the roots &mir %mtar %1 „an each equal to zero. 


Examples 
> 
i. Calculate Jx,*x,«, of the roots of the equation 
ah ppc ppa +Pn-i2 +Pn=0. 
Multiply together the equations 
at 6S 
3% 1%%3= Py 
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In the product the term a,*a,¢, occurs only once ; the term «,a,05%, 
occurs four times, arising from the product of a, by x30, Of a, by %,05%4, of a, 
by a,a,«, and of «, by «,%,%,. -Hence 

Za aa, +4 2g y%q—= Ps 5 
2 
Zaat = p Pa 474. (Compare Ex. 6, Art. 27.) 
If the calculation were conducted by the method of Art, 78, we should 


therefore 


have 

Ae e C a a a 18; +8y 
which leads, on substituting the values of Art. 77, to the same result ; but it is 
clear that in this case the former process is much more simple, since the values 
of 3, Sa, ete., introduce a number of terms which destroy one another. 

2. Calculate 3x,*«,? for the general equation, 

Squaring 

Zat = Py» 
P EIA a aT Aa a a a a 

In squaring it is evident that the term a, %, a, a, will arise from the 
product of a, x, by a, tys or of a, a by a Xy, or of a, a, by a, 4,; hence the co- 
efficient of æ, %: % % in the result is 6, since each of these occurs twice in the 
square. The result differs from the similar equation of Ex. 8, Art. 27, only in 
having J before the term «, %, %,%,. Hence, finally, 

Zata =p — 2P Ps +2 Pe 
3. Calculate X«,°«, for the general equation. ` 
We have, as in Ex, 9, Art. 27, 
Za Zat = ga a, + ga, a, 
Hence, employing previous results, 
Zat = p, Pa 2P — P Pat Pe 

4. Calculate Jx,’x,’a, for the general equation. 

The result will be the same as if the calculations were made for the equa- 
tion of the fifth degree. 

To obtain the symmetric function we multiply together Ja,a, and 
Zata, ; and consider what types of terms, involving the five roots a, ag, a3» %» 
a, can result. The term a,%a,2a, will occur only once in the product, since it 
can only arise by multiplying a,x, by «,%,4,. Terms of the type a,*ayxa, will 
occur each three times; since «,*«,a,0, will arise from the product of aa, 
by a,a5%,, Of a,x, by Atak OF of a,x, by «2,2, ; and it cannot arise in any other 
way, The term %,%,%%)%s will occur ten times in the product, since it will arise 
irom the product of any pair by the other three roots, and there are ten combi- 
nations in pairs of the five roots. We have, then, for the general equation, 


Zat, Fy Hyg = Dg t ag +3 Jor, tsa + 10 Zeya 4H 5%. 

[We can verify this equation when n=5, just as in Ex. 9, Art. 27 ; for the 
product of two factors, each consisting of 10 terms, will contain 100 terms. 
These are made up of the 30 terms contained in Ja,7«,"«, along with the 
20 terms contained in Ja,*x4%,%,, each taken three times, and the term 2743475 
taken, 10 times, ] 
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Thus the calculation of the required symmetric function involves that of 
3a,%aya,0, ; for which we easily find 
Za, Fee yyy y= Ley Fey yy +5 Sy gH yyy. 


Hence, finally, we obtain 


Zata a= — PaPa +IP Pi — Ps: 

The process of Art. 78 would involve the calculation of ss; and many 
terms would be introduced through the values of s4, 4, ete., which disappear in 
the result. 

5. Find the value of Ja,*«,’«,x, for the general equation. 

We multiply together Jaz, and 3a,%,%5%, and consider what typos of 
terms can arise involving the six roots a,, %3, fy yp» My» tg- The term «,%a,%aya, 
can occur only once. Terms of the type a,’ ®,%;%%s will each occur four times, 
this term arising from the product of «ta by #,%%,%5 Or Of o% by «0.04%, or of 
aty DY att g%s, Or OF a,i by aH 93%. The term a,%,%%,%;0, will occur fifteen 
times, this being the number of combination in pairs of the six roots. Hence 

Ettr FEL gy t= PLAATE E Joe, 2ce yy 4s +15 Yee E a 

We have again, for the calculation of Ja,"a,%s%4%s. 

Za RAR 5g 2 9 ty e 4-6 Aa a a 
Hence, finally, 
Zata at= Pi— 4p Pi +I Pe 

6. Find the value of Jx,’«,"z,* in terms of the co-efficients of the general 
equation. 

Squaring 3%,%,%,, we have 

Eat ZArg = pe en Pa EDAT aE T +6 Aas Was ka a A 20 Ja ttle 
from which we find 
Zata, a = pi — mP +P Ps Ps, 

83. Homogeneous Products. There are, in general, several 
symmetric functions of n quantities a, %,..., &n Which have the same 
weight, and amongst these may be included two or more which have 
the same order as well as weight. Of any x letters there are, for 
example, the following symmetric functions whose weight is four :— 

Days, Laag, Zaa, Da tata, DAA: 
The sum of all such symmetric functions of weight r is called the 
“sum of the homogeneous products of r dimensions” of the n letters. 
This sum we denote by II,. It is easy to see that II, is the co-efficient 
of z” in the following product of n factors :=r 


(Hartat? + ...)(1 + age Hg? + n) (lH ant H oq 8t? ne). 


The examples which follow include the most fundamental pro- 
positions cannecting the sums of the homogeneous products with the 
co-efficients of the equation whose roots are aj, %,-.., &n- 


146 SYMMETRIC FUNCTIONS OF ‘THE ROOTS 


Examples 
1. Prove 
anir- 
nean Paya 
We havo 
gn 1 


1 
Flay anay) any)? “DEY 


=(L ay oy? Hl pay tay? ta (h any fanty*® +...) 
Slyn yty H ny 


Also a Te nh E 
Ja ~ ya za 
ve an Pues 1 aMtr-t 
whence 


fey"? Fey * tay? Tey V 
trom which the result follows by comparing co-efficients of y”. 

2. Express the sums of the homogeneous product of the roots in terms 
of the co-efficients of an equation, and vice versa. 

Since 

(L—a,y)(1 xay)- (1 any) =l Hp + Pay? +e Pa”, 
we have immediately, from the preceding example, 
(L+ py +Pey? +--+ Pay™)(L my Hry), 

whence 
Prt m=, Pot tet Pim =%, Py Hrs HPHP =O, ete. 


These equations (in which, p,, Pa, etc., and zy Ta. ete., are interchangeable 
determine Py, Prr.» n in terms of Ty, gr.A and vice versa. 


By means of this and the preceding example the values of the foliowing 
symmetric functions may be found in terms of the co-efficients : —- 


z ant ani 
fey Zr Bray 
3. Express x, by the sums of the powers of the roots, 


d ai 1 
Representing by ms the product (1—a,y)(l—a,y).-.(1 any), and differentiating, 
we find 


l du 
wily” =2j-5 yet Hayy? eee 5 
alio hick sig Fryt once 


We have, therefore, 

(Le rgy prey? (Hey Hey +e) Stray HIY +. 

Now, comparing the several co-efficients of the different powers of y, wo 
have a number of equations by means of which the sums of the homogeneous 
products x,, my Ty- may be expressed in terms of s,, 83, 83, ete, 

4, Prove the followmg formula for calculating the sums of the homo- 
geneous products in terms of the co-officients :— 

ds 
ight trim í 

Differentiate both sides of equation (1) in Art, 80, and introduce r), my. 

ete, by the equation of Ex, 2. 


= ) 


CHAPTER IX 
LIMITS OF THE ROOTS OF EQUATIONS 


84. Definition, of Limits. In attempting to discover the 
real roots of numerical equations, it is in the first place advantageous 
to narrow the region within which they must be sought. We here 
take up the inquiry referred to in the observation at the end of Art. 
4, and proceed to prove certain propositions relative to the limits of 
the real roots of equations. : 

A superior limit of the positive roots is any greater positive 
number than the greatest of these roots ; an inferior limit of the 
positive roots is any smaller positive number than the smallest of 
them. A superior limit of the negative roots is any greater negative 
number than the greatest of them ; an inferior limit of the negative 
roots is any smaller negative number than the smallest ; the greatest 
negative number meaning here the number nearest to — æ. 

When we have found limits within which all the real roots of 
an equation lie, the next step towards the solution of the equation is 
to discover the intervals in which the separate roots are situated. 
The principal methods in use for this latter purpose will form the 
subject of the next chapter. 

The following Propositions all relate to the superior limits of 
the positive roots ; to which, as will be subsequently proved, the 
determination of inferior limits and limits of the negative roots can- 
be immediately reduced. i 

85. Proposition I. In any equation 

a px" 4 pat" 0. + Part+Pn=9, 
if the first negative term be — px", and if the greatest negative coeffi- 
cient be —p,, then 4/p,+1 isa superior limit of the positive roots. 

Any value of x which makes 


an-s] 
è an> piar +a. +e+N> Pe i 
will, a fortiori, make f(x) positive. 

Now, taking x greater than unity, this fhequality is satisfied by 


the following :— 


gn 
> Agar U 
147 
e @ 
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or anig per 4+1 
or z-(z—1)> Pr 
which inequality again is satisfied by the following :— 
(x—1)’"(a—1) = or > py, 
since plainly z’-1>(x—1)""1 
We have, therefore, finally 
(x—1)’=or > py, 
or z= or >1+t/p,. 

86. Proposition II. Jf in any equation each negative co- 
efficient be taken positively, and divided by the sum of all the positive 
coefficients which precede it, the greatest quotient thus formed increased 
by unity is a superior limit of the positive roots. 

Let the equation be 

dx" +-a,2"-1 + agx"-? —agz"-34 ...—a,2"-"-+ ...10,=0, 
in which, in order to fix our ideas, we regard the fourth coefficient as 
negative, and we consider also a negative coefficient in general, . 
viz., —4,. 


Let each positive term in this equation be transformed by 
means of the formula 


apl = ap — l) (Imama...) a mn, 
` whioh is derived at once from 
— =g" gm 8 ta; 
the negative terms remaining unchanged. 

The polynomial f(z) becomes then, the horizontal lines of the 
following corresponding to the successive terms of f(x) :— 
as(z—1jzn-iHaz— linas — 1an... ag(z—L)a-" + s. +a 

+a(z—ljer +a (z— l)en... +a (zl) +... +4), 
+a(z— l)et... Haz — l)en t.a, 


We now regard the vertical columns of this expression a3 


Successive terms in the polynomial; the successive coefficients of 
z-i, 2-2 ete., being 


4(%—1), (ag+4,)(2—1), (ag+-a,+a,)(x—1)—a,, ete. 
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Any value of x greater than unity is sufficient to make positive 
every term in which no negative coefficient a3, 4,, etc., occurs. To 
make the latter terms positive, we must have 


(49+-4,+4,)(2—1)> az, 
(dp+4,+4_+...4+4,_1)(2—1)>a,, ete. 
Hence . 
Gs a, 
ee rt EE LTE E o aa 
And to ensure every term being made positive, we must take the 
value of the greatest of the quantities found in this way. Such a 
value of z, therefore, is a superior limit of the positive roots. 

87. Practical Applications. The propositions in the two 
preceding Articles furnish the most convenient general methods of 
finding in practice tolerably close limits of the roots. Sometimes one 
of the propositions will give the closer limit, sometimes the other. It 
is well, therefore, to apply both methods, and take the smaller limit. 
Prop. I will usually be found the more advantageous when the first 
negative coefficient is preceded by several positive coefficients, 80 
that r is large; and Prop. II when large positive coefficients occur 
before the first large negative coefficient. In general, Prop. II will 
give the closer limit. We speak of the integer next above the 
numerical value given by either proposition as the limit. 


Examoles 


1. Find a superior limit of the positive roots of the equation 
at— 5x9 +402*—82 +.23=0. 
@ Prop. I gives 8+1, or 9, as limit. 


Prop. II gives s +1, or 6. Hence 6 is a superior limit. 


2. Find a superior limit of the positive roots of the equation 
254 8xt-4.2—824—51z+418=0. 
Prop. I gives 7 51+1 ; and 5 is, therefore, a limit. 
x 51 . er 
-Prop. II gives iyaqitl and 12 is a limit. 


"In this case Prop. I gives the closer limit. 
3. Find a superior limit of the positive rootg of 
a? -+4a*—325 4.524929 —lla*+62—8=0. 
Of the fractions 
"E 9 11 8 
IF? Tpop5 THAF’ 1444546" 
the third 1 the greatest, and Prop. IT gives the limit 3, Prop. I gives 5. 
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4. Find a superior limit of the positive roots of 
a+ 20x? 4.42% — lla —120x4 +132—25=0. 
[Ans. Both methods give the limit 6. 
5. Find a superior limit of the positive roots of 
4x5 — 8x41 22234 982*—732+5=0. . 
[Ans. Prop. I gives 20. Prop. IT gives 3 
It is usually possible to determine by inspection a limit closer 
than that given by either of the preceding pronositions, This method 
consists in arranging the terms of an equation in groups having a 
positive term first, and then observing what is the lowest integer 
value of x which will have the effect of rendering each group positive. 
The form of the equation will suggest the arrangement in any parti- 


cular case. 
6. The equation of Ex. 2 can be arranged as follows +- 
wtr —8) + #(323—51) +294 18=0. 
2==3, or any greater number, renders each group positive ; hence 3 is a superior 
limit. 
7. The equation of Ex. 4 may be arranged thus ; 
asx Lh) 4+ 20x4(23--6) 44t 4-132 —25=0. 
æ- 3, or any greater number, renders each group positive ; hence 3 is a limit. 
8. Find a superior limit of the roots of the equation 
at—4a3 +4 332° 224 18=0. 
This can be arranged in the form 
(a — 49 4-5) BEE- ig) +1820. 
Now the trinomial 2*—4e4-5, having imaginary roots, is positive for all 
values of (Art. 12). Hence 2-1 is a superior limit. 
‘The introduction in this way of a quadratic whose roots are imaginary, 
or of one with equal roots, will often be found useful. 
9. Find a superior limit of the roots of the equation 
525 — Trt 102-232? 002 —317=9, 
In examples of this kind it is convenient to distribute the highest power 
of x among the negative terms. Here the equation may be written 
miz Tja —10) +. 2%(a9 —23) a(t --90) +-a4—317=0, o 
80 that 7 is evidently a superior limit of the roote, In this case the general 
methods give a very high limit. 
10. Find a superior limit of the roots of the equation 
airt 2g 4x7 —24--0. 

When thero are several negative torms and the coefficient of the highest 
term unity, it is convenient to multiply the whole equation by such a number 
as will enable us to distribute the highest term among the negative terms. Here, 
multiplying by 4, we can write tho equation as follows ;— 

2%(2—4)+2°(2*—8) | x(2* —16) 4-24-9620, 


95 


and 4 is a superior limit, The general methods give 25. 
» 88. Proposition IM. Any number which renders positive the 


. EXAMPLE 161 


polynomial f(x) and all its derived functions f,(x), fa(x),.--,fa() is a 
superior limit of the positive roots of the equation f(x)=0. 

This method of finding limits is due to Newton. It is much 
more laborious in its application than either of the preceding methods ; 
but it has the advantage of giving always very close limits ; and in 
the case of an equation all whose roots are real the limit found in this 
way is, as will be subsequently proved, the next integer above the 
greatest positive root.*® 

To prove the proposition, let the roots of the equation f(x)=0 
be diminished by + ; then x—-h=y, and 

Jython E yt ot PO ye. 

If now h be such as to make all the coefficients 

SB), fall), falt)»---nfn() 
positive, the equation in y cannot have a positive root ; that is to say, 
the equation in x has no root greater than h ; hence h is a superior 
limit of the positive roots. 


Example 
flo) sat 229 Bx*— 15a 3. 

In applying Newton’s method of finding limits to any example the general 
mode of procedure is as follows:—Take tlo smallest integer number which renders 
Sn~1(2) positive ; and proceeding upwards in order to f,(x), try the effect of sub- 
stituting this number for x in the other functions of the series. When any fune- 
tion is reached which becomes negative for the integer in question, increass the 
integer successively by units, till it makes that function positive ; and then 
proceed with the new integer as before, increasing it again if another function in 
tho series should become negative ; and so on, till an integer is reached which 
renders all the functions in the series positive. In the present example the series 


of functions is 
f(z) sat— 228 —32*— 15r- 3, 
w Ji(x)=4rt— 629 bx- 15, 
if, (ar) = 62*—6x—3, 
ifal)= 42-2, 
stjal. 

o Hore 2-1 makes f(x) positive. We try then the effect of the substitution 
g--1 inf,(n). It makes f(x) negative. Increase by 1; and «=2 makes f,(”) 
positive. Try the effect of z=2 in f,(x) ; it gives a negative result, Increase by 
1; and z=3 makes f,(z) positive. Proceeding upwards, the substitution 2=3 
makes f(z) negative; and increasing again by unity, we find that z=4 makes 

Bo f(z) positive. Hence 4 is the superior limit required. 

It is assumed in this mode of the applying Newton's rule, that when any 
number makes all the derived functions up to a certaiff stage positive, any higher 
number will also make them positive ; so that there is no occasion to try the 
effect of the higher number on the functions lower down in the series. This is 


evident from the equation is 
gla +h) =a) telah +p” la) jg Her E 
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[taking 9(x) to represent any function in the series, and using the common nota- 
tion for derived functions], which shows that if ¢(a), 9’(a), 9”’(a),-.-are all posi- 
tive, and h also positive, 9(4+/) must be positive. 

It may be observed that one advantage of Newton’s mothod is that often, 
as in the present instance, it gives us a knowledge of the two successive integers 
between which the highest root lies. Thus in the present example, since f(x) is 
negative for z=3, and positive for z=4, we know that the greatest root of the 
equation lies between 3 and 4. 


89. Inferior Limits, and Limits of che Negative Roots. 
To find an inferior limit of the positive roots, the equation must be 


first transformed by the substitution z=- . Find then a superior 
limit A of the positive roots of the equation in y. The reciprocal of 
this, viz., Re? will be the required inferior limit ; for since 


hs ee ie, t> l 
a e & 

To find limits of the negative roots, we have only to transform 
the equation by the substitution x=—y. This transformation changes 
the negative into positive roots. Let the superior and inferior limits 
of the positive roots of the equation in y be h and h’. Then —h and 
—h’ are the limits of the negative roots of the proposed equation. 


90. Limiting Equations. Jf all the real roots of the equation 
f'(x)=0 could be found, it would be possible to determine the number of 
real roots of the equation f(x)=0. 

To prove this, let the real roots of f'(x)=0 be, in ascending order 
of magnitude, «’, 8’, y',..., \' ; and let the following series of values 
be substituted for æ in f(x) :— 

—oo, a, B, Yy N's 00. 

When any successive two of these quantities give results with 
different signs there is a root of f(z)=0 between them ; and by the 
Cor., Art. 71, there is only one ; and when they give results with the 
same sign, there is, by the same Cor., no root hetween them. Thus 
cach change of sign in the results of the successive substitutions 
proves the existence of one real root of the proposed equation. 

If all the roots of f(x)=0 are real, it is evident, by the theòrem 
of Art. 71, that all the roots of f’(x)—0 are also real, and that they lie 
one by one between each adjacent pair of the roots of f(z)=0. In the 
same case, and by the same theorem, it follows that the roots of f*(z) 
=0, and of all the successive derived functions, are real also ; and the 
roots of any function lie severally between each adjacent pair of the 
reots of the function from which it is immediately derived. 


y<h 
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Equations of this kind, which are one degree below the degree 
of any proposed equation, and whose roots lie severally between each 
adjacent pair of the roots of the proposed, are called limiting 


equations. 

It is evident that in the application of Newton’s method of find- 
ing limits of the roots, when the roots of f(z)=0 are all real, in 
proceeding according t the method explained in Art. 88, the function 
f(z) is itself the last which will be rendered positive, and, therefore, 
the superior limit arrived at is the integer next above the greatest 
root. 

Examples 

1. Prove that any derived equation Sm(%)=0 cannot have more imagin- 
ary roots, but may have more real roots, than the equation f(z)=0 from which it 
is derived. s 

From this it follows that, if any of the derived functions be found to have 
imaginary roots, the same number at least of imaginary roots must enter the 
original equation. 

_ 2. Apply the method of Art. 90 to determine the conditions that the 
equation 
w—gqr+r=0 
should have all ite roots real. 
3. Determine by the same method the nature of the roots of the 
equation 
a —ngz+(n—1)r=9. 
[Ans. When n is even, the equation has two real roots or none, accord- 
ing as 
2 g> or <rn-}, 
When n is odd, the equation has three real roote or one, according 83 
g"> or <r". 

4. The equation 2"(z—1)"=0 has all ite roots real; hences show, by 
forming the nth derived function, that the following equation has all its roots real 
and unequal, and situated between 0 and 1 :— 

gnn- anal Paice oy ~2_eto.=0. 
5. Show similarly by forming the nth derived of (z*—1)" that the follow- 
ing equation has all its roots real and unequal, and situated between —1 and 1 : 
n(n—1) ,, nn—l n(n—1)(n—2)(n—3 T A 
annann t “P ee sentor 

6. Ifany two of the quantities, l, m, n in the following equation be put 
equal to zero, show that the quadratic to which the equation then reduces is a 
limitiņg equation ; and hence prove that the roots of the proposed are all roal ;— 

(a—a)(x—b)(x —¢c)—P(z—2) —m*(x—b) —n*(a—c)—2lmn=0. 

7. Discuss the nature of the roots of the ieee 

m pár” 2st --120+p=0, 
acoording to the different values of p. 

Applying Art.-90. When p is less than —7, two roots are roal and two 
imaginary ; when*p lies between —7 and 9, all the roots are real ; and when p is 
greater than 9, the roots-are allimaginary. The equation has two equal roots 
wheh p= —7, and two pairs of equal roots when p=9. 3 
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SEPARATION OF THE ROOTS OF EQUATIONS 


91. By the methods of the preceding chapter we are enabled 
to find limits between which all the real roots əf any numerical equa- 
tion lie. Before proceeding to the actual approximation to any 
particular root, it is necessary to separate the interval in which it is 
situated from the intervals which contain the remaining roots. The 
present chapter will be occupied with certain theorems whose object 
is to determine the number of real roots between any two arbitrarily 
assumed values of the variable. It is plain that if this object can be 
effected, it will then be possible to tell not only the total number of 
real roots, but also the limits within which the roots separately lie. 

The theorems given for this purpose by Fourier and Budan, 
although different in statement, are identical in principle. For pur- 
poses of exposition Fourier’s statement is the more convenient, while 
with a view to practical application the statement of Budan wil) be 
found superior. The theorem of Sturm, although more laborious in 
practice, has the advantage over the preceding that it is unfailing in 
its application, giving always the exact number of real roots situated 
between any two proposed quantities ; whereas the theorem of Fourier 
and Budan gives only a certain limit which the number of real roots 
in the proposed interval cannot exceed. 

92. Theorem of Fourier and Budan. Let two numbers a 
and b, of which a is the less, be substituted in the series formed by f(x) 
and its successive derived functions, viz., 


KE) SE), SAE) ess fala) 3 

the number of real roots which lie between a and b cannot be greater than 
the excess of the number of changes of sign in the series when a is 
substituted for x, over the number of changes when b is substituted for 
x ; and when the number of real roots in the interval falls short of that 
difference, it will be Ly an even number. 

This is the form in which Fourier states the theorem. 

It is to be understood here, as elsewhere, that, when we speak 
of two numbers a and b, of which a is the less, one or both of them 
may be negative, and what is meant is that a is nearer than b to — œ 
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We proceed to examine the changes which may oceur among the 
signs of the functions in the above series, the value of x being suppos- 
ed to increase continuously from a to b. The following different 
cases can arise :— 

(1) The value of x may pass through a single root of the equa- 

tion f(x)=0. 

(2) It may pass through a root occurring r times in f(x)=0. 

(3) It may pass through a root of one of the auxiliary functions 

fn(t)=0, this root not occurring in either Sm-1(%)=0 OF 
Í. mtl )= 0. 

(4) It may pass through a root occurring r times in f,,(2)==9, 

and not occurring in f,,-,(7)=9- 

In what follows the symbol æ is omitted after jf for convenience. 

(1) In the first case it is evident, from Art. 75,. that in passing 
through a root of the equation f(z)=0, one change of sign is lost ; for 
f and f, have unlike signs immediately before, and like signs immedi- 
ately after, the passage through the root. 

(2) In the second case, in passing through an y-multiple root of 
f(x)=0, it is evident that r changes of sign are lost; for, by Art. 76, 
immediately before the passage the series of functions 

SiboSes ae a2) bite 
have signs alternately + and —, or —- and +, and immediately after 
the passage have all the same sign as f_,. 

(3) In the third case, the root of f,,(z)=0 must give to fm ı 
and fm; cither like signs or unlike signs. Suppose it to give like 
signs ; then in passing through the root two changes of sign are lost, 
for before the passage the sign of fm is different from these like signs, 
and after the passage it is the same (Art. 76). Suppose it to give 
unlike signs ; then no change of sign is lost, for before the passage 
the signs of f m-1s fm fmt MUS beieithor dinon ats and 
after the passage tnese become + —, andik de On the 
whole, therefore, we conclude that no variation of sign can be gained, 
but two variations may be lost. on the passage through a root of 
fala) =0. 

(4) In the fourth case x passes through a value (let us say a) 
which causes not only fm, but also farn feee fair- tO vanish. 
It is evident from the theorem of Art. 76 that during the passage a 
number of changes of sign will always be lost. The definite number 
may be collectéd by considering the series of functions 
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The following results are easily established :— 
(a) When f,,_,(x) and fmt, («) have like signs ; 
If r be even, r changes are lost, 
If r be odd, r+-1 changes are lost. 


(b) When fn; (x) and f,,,, (a) have unlike signs : 
If r be even, r changes are lost. 
If r be odd, r—1 changer are lost. 3 


We conclude, therefore, on the whole, that an even number of 

changes is lost during the passage through an r-multiple root of 
m(2). 

It will be observed that (1) is a particular case of (2), and (3) of 
(4), i.e., when r=1. Since, however, the cases (1) and (3) are those of 
ordinary occurrence, it is well to give them a separate classification. 

Reviewing the above proof, we conclude that as x increases 
from a to b no change of sign can be gained ; that for each passage 
through a single root of f(x)=0 one change is lost ; and that under 
no circumstances except a passage through a root of f(z)=0 can an 
odd number of changes be lost. Hence the number of changes | st 
during the whole variation of z from a to b must be either equal to 
the number of real roots of f(z)=0 in the interval, or must exceed it 
by an even number. The theorem is, therefore, proved. 

93. Application of the Theorem. The form in whivh the 
theorem has-been stated by Budan is, as has been already observed, 
more convenient for practical purposes than that just given. It is as 
follows :—Let the roots of an equation f(x)=0 be diminished, first by a 
and then by b, where a and b are any two numbers of which a is the less ; 
then the number of real roots between a and b cannot be greater than the 
excess of the number of changes of sign in the first transformed equation 
over the number in the second. 

This is evidently included in Fourier’s statement, for the two 
transformed equations are (se2 Art. 33)— 


fia f,(a)y+ MO yay Te +f y"=0, 


Sb) +f, Oy + os PF- pe y"=0 ; 
from which, assuming the results of the last Article, the above pro- 
position is manifest. 

The reason why the theorem in this form is convenient in 
practice is, that we van apply the expeditious method of diminishing 
the roots given in Art. 33. 
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Examples 
1. Find the situations of the roots of the equation 
zh —3at— 2129+ 952*—462—101=0. 
We shal! examine this function for values of p between the intervals 
—10, -l, 0, 3; 10; 
these numbers being assumed on account of the facility of calculation. Diminu- 
tion of the roots by 1 give the following series of coefficients of the transformed 
equation :— 
1, 2, — 26, 15, 65 —78. 

In diminishing the roots by 10, it is apparent at the very outset of the 
calculation that the signs of the co-efticients of the tranaformed equation will be 
all positive ; so that there is no occasion to complete the calculation in this case. 

In diminishing the roots by —10 and —1, it is convenient to change the 
alternate signs of the equation, and diminish the roots by +10 and +1; and then 
in the result change the alternate signs again. The coefficients of the transformed 
equation when the roots are diminished by —1 are 

is —8, —2, 139, —291, 60. 

In diminishing by —10 we observe in the course of the operation, as 
before, that the signs will be all positive in the resuit, i.e., when the alternate 
signe are changed they will be alternately positive and negative. 

Hence we have the following scheme ;— 

(10) 5 pct ch otras 
(= 1), Fie ete 
(0) + — — + — —, the equation itself, 
(1) ENG ct gy os 
(10) Day ee ae Ns 

These signs are the signs taken by f(z) and the several derived functions 
fiJo Jo Ja fs on the substitution of the proposed numbers; but it is to be observed 
that they are here written, not in the order of Art, 92 but in the reverse order, 
vit, Jy Sa tutu ty $ 

From these we draw the following conclusions :— All the real roots must 
lie between —10 and +10; one real root lies between —10 and —1, since one 
change of sign in lost ; one real root lies hetween —1 and (’, since one change of 
sign is lost ; no real root lies between 0 and l; and botween 1 and 10, since three 
changes of sign are Jost, there is at least one real root ; but we are left in doubt 
as to the nature of the other two roots : whether they are imaginary, or whether 
there are three real roots between 1 and 10. 


o We might proceed to examine, by further transformations, the interval 
between 1 and 10 moro closely, in order to determine the nature of the two 
doubtful roots ; but it is evident that the calculatians for this purpose might, if 
the roota wore nearly equal, become very laborious. Thisis the weak side of 
the theorem of Fourior and Budan. Both writers have attempted to supply this 
defect, and have given methods of determining the nature of the roots in doubt- 
ful intervals ; buf’ as these methods are complicated, we do not stop to explain 
them ; the more especially as the theorem of Sturm effects fully the purposes 
for which the supplementary methods of Fourier and Budan were invented. 
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2. Analyse the equation of Ex. 1, p- 81, viz. 
x342%—2r—1=0. 
‘The mots of this are all real, and lie between —2 and 2 (see Ex. 5, p. 81). When- 
ever the roots of an equation are all real, the signs of Fourier's functions dete - 
mine the exact rumber of real roots between any two proposed integers. We 
obtain the following result :— The roots lie in the intervals i 
(=2, —1); (-1, 0); (1, 2). a 
3. Analyse the equation of Ex. 3, p. 81, viz., 
è aspet sgi 3r 434 l=0. 
{dns. Two roots in the interval (—2, —1), and one root in each 
J of the intervals (—1, 0) ; (0, 1) ; (1, 2). 
‘4. ‘Analyse the equation 
zs — 80x + 19982? — 14937x +5000=0. 
The equation can have no nogative roote, Diminish the roots by 10 several times 
in succession till the signs of the coefficients become all positive. We obtain the 
following result :— 


0) + -+- + 
Hork a=, eis a 
jet oO E 
tea ye rae aaa Ta 
(0) + + + + Ft 


Thus, there is one root between 0 and 10, and one between ið and 20; no rot 
between 20 and 30. Between 30 and 40 either there are two real roote, or there 
is an indication of a pair of imaginary roots. ‘That the former is the caso will 
appear by diminishing the roots of the third transformed equation by units. 
This process will separate the roots, which will be found to lie between (2, 3) and 
(4, 5); so that the proposed equation has a third real root in the interval (32, 33), 
and a fourth in the interval (34, 35). 

94. Application of the Theorem to Imaginary Roots. 
‘Since there exist only n changes of sign to be lost in the passage of x 
from —co to +29, if we have any reason for knowing that a pair of 
changes is lost during the passage of x through an interval which 
‘includes no real root of the equation, we may be assured of the 
existence of a pair of imaginary roots. Circumstances of this nature 
will arise in the application of Fourier's theorem when any of the 
transformed equations contain vanishing coefficients. For we can 
assign by the principle of Art. 76 the proper sign to this coeffigient, 
corresponding to, values of x immediately before and immediately 
after that value which gauses the coefficient to vanish ; the whole 
interval being so small that it may be supposed not to include any 
root of the equation f(z)=9. 

Examples 


1, Analyse the equation 
fiz) mxt—429 92 4-23=0, 
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We shall examine this function between the intervals 0, 1, 10 Tho 
transformed equations are 


AS LOES ORHANA OAO =0, 
ASE HEADHRA DES 1). =0, 
aie Sf (LO) + 5 74(10)29 +4 fa(10)2* +f, (10)}2-+( 10) =0, 
the first of these being the proposed equation itself. 
Making tho calculafions by the method of the preceding Article, wə find 
that the coefficient f,(1)=0, and we have the following scheme :— 
(0) +-0- +, © 
(1) +0 — = +, 
(50) ts Sees aces 
We may now replace each of the rows containing a zero o efficient by 
two, the first corresponding to a value a little less, and the second to a value a 
little greater, than that which gives the zero coefficients, the signs being deter- 
mined by the principle established in Art. 76. It must be remembered that in 
the above scheme the signs representing the derived functions are written in tne 
reverse ordor to that of the Article referred to. The scheme will thea stand as 
follows, A being used to represent a very small positive quantity :— 


—h oes tee 
of ` 


Fk F = a 

C pS te 
wf 

a a E 
(10) ++ a + +, 


where the signs corresponding to —h and +h are determined by the condition 
that the sign of the coefficient which is zero when 0 must, whon z=—h, bo 
different from that next to it on the left-hand side ; sid when x= +h these signs 
must be the same. The signs corresponding to |—/ and 1h are determined in a 
similar manner. 

Now since a pair of changes is lost in the interval (—h, +h), and since — 
the equation has no real root between —h and +h, we have proved the existence 
of a pair of imaginary roots, Two changes of sign are lost between 1-4 and 10, 
a0 that thia interval either includes a pair of real roots, or presents an indication — 
of a pair of imaginary roots. Which of those is the case remains still doubtful. 

2. If several coefficients vanish, we may be able to establish the oxis- 
tence of several pairs of imaginary roots, This will appear from the following 
exmaple ;— 


z—1l=0, 


The signa corresponding to —A and +h are, by the thoorem of Art, 76, 
(h +-+-+#-- 
(AK e h t a 
Hence, since no root exists between —A and +h, and since 4 changes of 
aign aro lost in passing from a valuo very little less than 0 to one very little 
greater, we are assured of the existence of two pairs of imaginary roote, The 
other two roots are in this case plainly real (see Art. 14). 
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‘The number of imaginary roots in any binomial equation can be deter- 
mined in this way. z 
3. Find the character of the roots of the equation 
a4 1028+ 2—4=0. 

In passing from a small negative to a small positive value of x we obtain 
the following series of signs :— 

(-y) +--+ -+ + 
(Ke, uO. 0.0) Ores 
(a) fot + t+ tt. tite 

Since six changes of sign are here lost, there are six imaginary roots. The 
remaining two roots are, by. Art. 14, real : one positive, and the other negative. 
The negative root lies between —2 and —1, and the positive between 0 and 1. 

4. Analyse completely the equation 

a*—32*-z+1=0. 

There are two imaginary roots. Whenever, as in the present instance, 
the roots are comprised within small limits, it is convenient to diminish by 
successive units. In this way we find here a root between 0 and 1, and another 
between 1 and 2. Proceeding to negative roots, we find on diminishing by ~} 
that —1 js itself a root, and writing down the signs corresponding to a value & 
little greater than —1, we observe an indication of a second negative root between 
—l and 0. 

5. Analyse the equation 

x 4at +29 262 —36=0. 

There are two imaginary roots ; one real positive root between 2 and 3; 
and two real negative roots in the intervals (—3, —2), (—2, —1). 

95. Corollaries from the Theorem of Fourier and Budan. 
The method of detecting the existence of imaginary roots explained 
in the preceding Article is called The Rule of the Double Sign. A 
similar rule, due to De Gua, was in use before the discovery. of 
Fourier’s theorem. This rule and Descartes’ Rule of Signs are 
immediate corollaries from the theorem, as we proceed to show. > 

Cor. 1. De Gua’s Rule for finding imaginary Roots. 

The rule may be stated generally as follows :—When 2m suc- 
cessive terms of an equation are absent, the equation has 2m imaginary 
roots ; and when 2m-+-1 successive terms are absent, the equation has 
2m-+2, or 2m imaginary roots, according as the two terms between which 
the deficiency occurs have like or unlike signs. This follows, as in case 
(4), Art. 92, by examining the number of changes of sign lost during 
the passage of x from p small negative value —h to a small positive 
value A. ' 

Cor. 2. Descartes’ Rule of Signs. 

When 0 is substituted for z in the sepies of functions 
fq (x), Jn-1 (2) +s Sal), f(x), f(z), the signs are the same as the signs 
of the coefficients do, Gi, %,.-, An- Ins of the proposed equation ; 
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and when 4-co is substituted the signs are all positive. Fourier’s 
theorem asserts that the number of roots between these limits, viz., 
the number of positive roots, cannot exceed the number of variations 
lost during the passage from.0 to +29, that is the number of changes 
of sign in the series ao, a), a), ..., An. This is Descartes’ rule for 
positive roots ; and the similar rule for negative roots follows in the 
usual way by changing the negative into positive roots, 

Cor. 3. Newlon’s Method of finding Limits. 

When a number % has been found which renders positive each 
of the functions f,(x), fn_s(x),.....So(2), fi(x), fa) ; since +-co also 
renders each of them positive, it follows from Fourier’s theorem that 
there can be no root between A and +09, that is to say, h is a superior 
limit of the positive roots ; and this is Newton’s proposition (Art. 88) 


96. Sturm’s Theorem. We have already shown (Art. 74) 
that it is possible by performing the common algebraical operation of 
finding the greatest common measure of a polynomial f(x) and its first 
derived polynomial to find the equal roots of the equation f(x)=0. 
Sturm has employed the same operation for the formation of the 
auxiliary functions which enter into his method of separating the 
roots of an equation. 

Let the process of finding the greatest common measure of 
f(x) and its first derived be performed. The successive remainders 
‘will go on diminishing in degree till. we reach finally either one which 
divides that immediately preceding without remainder, or one which 
does not contain the variable at all, ¢.e., which is numerical. The 
former is, as we have already seen, the case of equal roots. The latter 
is the case where no equal roots exist. It is convenient to divide 
the discussion of Sturm’s theorem into these two cases. We shall 
in the present Article consider the case where no equal roots exist ; 
and proceed in the next Article to the case of equal roots. The per- 
formance of the operation itself will of course disclose the class to 
which any particular example is to be referred, 

The auxiliary functions employed by Sturm are not thie remain- 
ders as they present themselves in the calculation, but the remain- 
ders with their signs changed. In finding the greatest common measure 
of two expressions it is indifferent whether the signs of the remainders 
are changed or not : in the formation of Sturm’s auxiliary functions 
the change is essential. We shall suppose, therefore, in what follows 
that the sign of cach remainder is changed before it becomes the 
next divisor. h 
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Confining our attention for the present to the case where no 
equal roots exist, Sturm’s theorem may be stated as follows :— 

Theorem. Let any two real quantities a and b be substituted 
for x in the series of n+1 functions as 

$l), ful), IE), fal), +r faa), Sal), 
consisting of the given polynomial f(x), its first derived f,(z), and the 
successive remainders (with their signs changed) ia the process of finding 
the greatest common measure of f(x) and f,(a) ; then the difference bet- 
ween the number of changes of sign in the series when a is substituted 
for x and the number when b is substituted for x expresses exactly the . 
. number of real roots of the equation f(x)=0 between a and b. 

The mode of formation of Sturm’s functions supplies the follow- 
ing series of equations, in which q,, ga». -» In-1 represent the successive 
quotients in the operation :— 

fæ) =f) -Se | 
f(z) =dfa(2)—Sa(), 

f,-1(#) =q,f,(x) —f real), E i 
fn-2(@)=Yn-1h n-1(2) —fnl2)- 

These equations involve the theory of the method of finding 
the greatest common measure ; for it follows from the first equation 
that if f(z) and f,(z) have a common factor, this must be a factor in 
fa(x) ; and from the second equation it follows, by like reasoning, that 
the same factor must occur in f(x) ; and so on, till we come finally 
to the last remainder, which, when f(z) and f,(z) have common factors, 
will be a polynomial consisting of these factors. In the present 
Article, where we suppose the given polynomial and its first derived 
to have no common factor, the last remainder f,(z) is numerical. It is 
essential for the proof of the theorem to observe also, that in the 
ease now under consideration no two consecutive functions in the 
series can have a common factor ; for if they had we could, by rea- 
soning similar to the above, show from the equations that this factor 
must exist also in f(z) and f,(z) ; and such, according to our hypo- 
thesis, is not here the case. In examining, therefore, what changes 
of sign can take place in the series during the passage of x from a to © 
b, we may exclude the čase of two consecutive functions vanishing 
for the same value of the variable ; and the different cases in which 
any change of sign can take place are the following :— 

(1) paa xz passes through a root of. the proposed equation 

(z)=0, > 


FA 
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{2) when x passes through a value which causes one of the 
auxiliary functions f}, fy,..., fn-1 to vanish, 


(3) when x passes through a value which causes two or more 
of the series f, fis», fr, to vanish together, no two of the 
vanishing functions, however, being consecutive. 


° 

(1) When v passes through a root of f(x)=0, it follows from 
Art. 75 that one change of sign is lost, since immediately before the 
passage f(x) and f,(z) have unlike signs, and immediately after the 
passage they have like signs. 

(2) Suppose x to take a value « which satisfies the equation 
fA(zx)=0. From the equation 

Í -1(2) =4¢,f,(z) —fi(2), 

we have fr-s(0)= —Fr+1(a), 

which proves that this value of x gives to f,_,(z) and f,,,(z) the 
same numerical value with different signs. In passing from a value 
a little less than « to one a little greater, we can suppose the interval 
so small that it contains no root of f,_,(x) or f,;(z) ; hence, 
throughout the interval under consideration, these two functions 
retain their signs. If the sign of f,(x) does not change (as will happen 
in the exceptional case when the root « is repeated an even number 
of times) there is no alteration in the series of signs. In general the 
sign of f,(z) changes, but no variation of sign is either lost or gained 
thereby in the group of three ; because, on account of the difference 
of signs of the two extremes f,_,(z) and f,,,(x), there will exist 
both before and after the passage one variation and one permanency 
of sign, whatever be the sign of the middle function. If, for exam-’ 
ple, before the passage the signs were + — — ; after the passage 
they become + + —, i.e., @ variation and a permanency are chang- 
ed into a permanency and a variation ; but no variation of sign is 
lost or gained on the whole. 

(3) Since the reasoning in the preceding cases is founded on 
the relations of the function to those adjacent to it only ; and since 
these relations remain unaltered in the present case, because no two 
adjacent functions vanish together, we coficlude that if f(z) is ono 
of the vanishing functions, one change of sign is lost, and if not, no 
change is either Jost or gained. 

We have ‘proved, therefore, that when z passes through a root 
of f(z)=0 one change of sign is lost, and under no other circum- 
stánces is a change of sign either lost or gained. Hence the number 
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of changes of sign lost during the variation of x from a to bis equal 
to the number of roots of the equation between a and b.* ` 

Before proceeding to the case of equal roots, we add a few 
simple examples to illustrate the application of Sturm’s theorem. It 
is convenient in practice to substitute-first — oo, 0, +-co in Sturm’s 
functions, so as to obtain the whole number, of negative and of 
positive roots. To separate thè negative roots, the integers — l, —2, 
—8, etc., are to be substituted in succession till we reach the same 
series of signs as results from the substitution of —oo; and to sepa- 
rate the positive roots we substitute 1, 2, 3, ete., till the signs furni- 
shed by +2 are reached. 

Examples 
1. Find the number and situation of the real roots of the equation 
fix)=2*— 2x—5=0. 
We find f\(2)= 827-2, felz)=4x +15, Sala)= - 643. 
Corresponding to the values —% , 0, +% of x, we havo 
(=e) -+--, 


0 -~-+-, 
(ht!) oP shoe = 
fence there is only one real root, and it is positive. , * 
Again, corresponding to values of 1, 2, 3 of a, we have 
a) ais eet 
(2) a Sen 
(3) ie ie eine 


The real root, therefore, lies between 2 and 3. 
2. Find the number and situation of the real reote of the equation 
2 —~j2+7=0. 
We easily obtain 
S(t) = 328-7, 
S:(2)= 22-3, 
Jime ; 
whence 
í (AD a Sere 
(0) +--+, 
(+0) + + + +: 
Hence all the roots are reul : one negative, and two positive. 


p 


*The student often finds a difficulty in perceiving in what way a record 
is preserved in Sturm’s series ¿f the number of changes of sign lost, since the only 
loss takes place between the first two functions, f(x) and fitx). It may tend to 
remove thig difficulty to observe, that as z increases from one root « of f (z)=0 
Lo a second 8, slthough no alteration takes place in the number of changes of sign, 
the distribution. of the signs among f,(x) and the following functions alters in such 
a way that the signs of fiz)and fix), which wore the same immediately after 
the passage of x through a, become again different before the passage through £. 
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We have, further, the following results :— 
(-4) -+-+ 
(-3) +4 ts 
(= 2) see 


(“lhe 
APOE AEEA 
a ae Sa Or 


Hore —4 and +2 give the same series of signs as — œ and +; hence we stop 


at these. The negative root lies between —4 and —3; and the two positive 


roots between | and 2. 

This example illustrates the superiority of Sturm'’s msthod over that 
of Fourier. $ 

The substitution of 1 and 2 in Fourier’s funstions gives, as oam ba 
immediately verified, the following series of signs ;— 

a) +e 
(2) FEEF 

From Fourier's theorem wə are authorised to conclude only that thero 
cannot be more than two roots between 1 and 2. From Sturm’s we conclude 
that there are two roots between land 2. If we have occasion to separate thvse 
two roots, we must, of course, make further substitutions in f(x). 

3. Find the number and situation of the real roots of the equation 

git 2a3—3x?+102—4=0. 

We obtain, removing the factor 2 from the derived, 
Sf (w)=2a8—32*—32+5, 
f,(v)=92*—27e +11. 
f,(2)= —8x—3, 
f,(2)= —1433. 

[N.B.—[n forming Sturm's functions it is allowable, as is evident from 
the equations (1), to introduce or suppress numerical factors just as in the process 
of finding the G.C.M. ; taking care, however, that these are posilive, so that the 
signs of the remainders are not thereby altered.] 

We have the following series of signs ;— 

(= 00) oe ne a 
(0) ht 
(+0) ttt == 


Hence there are two real roots, one positive, and one negative, and two imagi- 


nary roots. To find the positions of the real roots, it is sufficient to substitute 


Positive and negative integors successively in fiz) alone, since there is only one 
positive and one negative root. We easily find in this way that the nogative 
root lies between —2 and —3, and the positive root between 0 and l, 

97. Sturm’s Theorem. Equal Roots. Let the operation for 
finding the greatest common measure of f(x) and f'(x) be performed, 
the signs of the successive remainders being changed as before. The 
last of Sturm’s functions will not be numerical, for since f(z) 
and f'(x) are here supposed to contain a common measure involving 
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x, this will now be the last function arrived at by the process. Let 
the series of functions be :— 
F2), A), f(z), Eak , f(x). 

During the passage of x through any value except a multiple root 
of f(z)=0, the conclusions of the last Article are still true with 
respect to the present series, since no value except such a root cap 
cause any consecutive pair of the series to vanish. When x passes 
through a multiple root of f(x)=0, there is, by’ the Cor., Art. 75, 
one change of sign lost between f and f, ; and we proceed to prove 
that no change of sign lost or gained in the rest of the series, viz., 
Sis Jas. -s fp Suppose there exists an m-multiple root « of f(x). It 
is evident from the equations (1) of Art. 96, that (x—a«)”-1 is a 
factor in each of the functions f,,f,...:.,f,. Let the remaining 
factors in these functions be, respectively, di, ġo»... ‚$, By dividing 
each of the equations (1) by (w—a)"-1, we get a series of equations 
which establish, by the reasoning of the last Article, that, owing to a 
passage through a, no change of sign is lost or gained in the series 
Pis Pose- Neither, therefore, is any change lost or gained in 
the series fi, f,,.....,f, ; for the effect of the factor (x—a)™-1 in the 
passage of x from a value a—h to a value «+h is either to change 
the signs of all (when m—1 is odd) or of none (when m—1 is even) 
of the functions ¢,, a+... ‚$, ;and changing the signs of all these 
functions cannot increase or diminish the number of variations. 

We have, therefore, proved that when x passes through a 
multiple root of f(x)=0 one change of sign is lost between f and fy, 
and none either lost or gained in any other part of the series. It 
remains true, of course, that when æ passes through a single root of 
S(x)=0 a change of sign is lost as before. We may thus state the 
theorem as follows for the case of equal roots :-- 


The difference between the number of changes of sign when a and 
b are substituted in the series 


Í. Sis Sas veers dys 
the last of these being the greatest common measure of f and f,, is equat 
to the number of real roots between a and b, each multi ple root counting - 
only once, ; 
Examples 


J. Find the nature of the roots of the equation 
a — 529492" 7a42—0, 
We easily obtain 
S,(2) = 429 — 1527+ 182—7, i 
h(z)=z'—22+1 ; 
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J,(x) divides f,(2) without remainder; hence in this case Sturm’s series stops at 
f(z), thus establishing the existence of equal roots. 
To find the number of real roots of the equation, we substitute —% and 
+ for x in the series of functions f, fy, fa The result is 
(æ) +- + 
(+œ) fe A tre 
Hence the equation has oply two real distinct roots ; but one of these is a triple 
root, as is evident from the form of f,(), which is equal to (x—1)*. 
2. Find the nature of the roots of the equation 
at — 6z 4.132? —12x+4=0. 
Here 
Sy(2) =428 — 1827 4-262—12, 
Sy(z)=2*—82+2 ; 
f(z) is the Jast Sturmian function ; so that the equation has equal roots. 
(-») +-+ 
(+o) oti ci 
There are only two real distinct roots. Tn fact, since f,(«)=(2—1)(2—2), each o 
the roots 1, 2 ia a double root. 
3. _ Find the nature of the roots of the equation 
w+ 2at4 23 —2*_2a—1=0. 


` Here fy=5at4828 +322 2—2, 


f==2084 72" 412247, 
fy=—2?—62—5, 
f,=—2-1, 
f,=0. 
Since f,=0, v+ 1 is a common measure of f and fy, and f(z) has a double roct — 1. 
We have also 
ee eh a oe oD 
“AEE seca rie 
Hence there are two real distinct roots. The equation has, therefore, beside the 
double root, one other real root, and two imaginary roots. 
4. Find the nature of the roots of the equation 
a —Ta5 + 15at— 402" + 482 —16=0. 
Here Sy(2) =625 — 35244-6028 —802 +48, 
Jl) = bart — 849 + 19221762 448, 
fiz) =a 82 + 122- 85 (2—2)? - 
[Ans. There are three real distinct roots, one of them being quadruple. 
98. Application of Sturm’s Theorem. In the case of 
equations of high degrees the calculation of Sturm’s auxiliary func- 
tions becomes often very laborious. It is important, therefore, to pay 
attention to certain observations which tend somewhat to diminish 
this labour. : 
(1) In calculating the final remainder when it is numerical, 
since its sign is all we are concerned with, the labour of the last opera- 
tion of division can be avoided by the consideration that the value 
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of x which causes fa; to vanish must give opposite signs’ to f,-, and | 
fn. Itisin general possible to tell without any. calculation what 

would be the sign of the result if the root of f,_,(z)=0 were substi- 

tuted in f, (x). Thus in Ex. 3, Article 96, if the value — a which | 
is the root of f,(x)=0, be substituted for x in 9z?—27x+11, the result 
is evidently positive ; hence the sign of f,(x) is —-, and there is no 
occasion to calculate the value — 1433 given for fa(x) in the example - 
referred to, 

(2) When it is possible in any way to recognize that all the roots 
of any one of Sturm’s functions are imaginary, we need not proceed 
to the calculation of any function beyond that one ; for since such a 
function retains constantly the same sign for alt values of the variable 
(Cor. Art. 12), no alteration in the number of changes of sign 
presented by it and the following functions can ever take place, so 
that the difference in the number of changes when two quantities 
a and b are substituted is independent of whatever variations of sign 
may exist in that part of the series which consists of the function in 
question and those following it. With a view to the application of 
this observation it is always well, when we arrive at the quadratic 
function (ax*-bx+-c, suppose), to examine, in case the term contain- 
ing x° and the absolute term have the same sign (otherwise the roots 
could not be imaginary), whether the condition 4ac>b? is fulfilled ; 
if so, we know that the roots are imaginary, and the calculation noed 
not proceed farther. 


Similar observations apply to the case where one of the func- 
tions is a perfect square, since such a function cannot change its sign: 
for real values of x. 


Examples 


1. Analyse the oquation 
at 4-313 4-7? +102 +10. 
We find | 
fe(@) = — 292? — 782 + 14, 
fal) = — 10860 —481, 


> f,{z)=—.- 

Here wo see immediately that the value of x given by the equation 
f,(v)=0, which differs little from —}, makes f,() positive ; hence f(x) is 
negative, There aro two real, and two imaginary roots. The real roots lie in th» 
intervals [—2, —1], {—1, 0). 3 

2. Analyse the equation 

xt— 4r 34 423=0. 
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We find 
Jaz) = 12x24 9x —89, 


f,(z)=— 4912 +1871, 


f=: ‘ 
1371_ 1371 a 5 
H =0 gi aa e E aril ea 
ere Ja(z)=0 gives s= [> >> 5, aril eg makes f,(2) 


positive ; hence the root of f,(7) makes it positive also. 
There are two real’and two imaginary roots. 
The real roots lie in the intervals (2, 3), (3, 4]. 


3. Analyse the ¢.guation 
Qe — 132? 4.102 419-0. 
Here 
fiz) =409 — 13245, 
f,(z) =132* — 152 4-38. 
Since 4x 13x 38> 15, the roots of f,(x) are imaginary, and we proceed no 
further with ths calculation of Sturm’s remainders. 
Substituting —« , 0, -+w , we obtain 


(2) +-+ 
0) -++, 
(+0) +++ 


There aro two real roots, on» positive, the other negative. 


4. Analyse the equation 
fix) Sis 2x8 +28 —4a?—3x—5=0. 


Here fe) Sat +828 4-32- 8e—3, 
fale) =6x3 + 602" + 44x + 119, 
fle) = — 1162? —572 —223. 
Since 4 x 116 x 223>57%, wa may stop the calculation he 
substituting —» , 0, 4-2, 


ro. We find, on 


Sanya t= =. 
o M --+- 
(Fo) +++—- 
‘There are four imaginary roots, and one zal positive root. 
5. Find thp number and situation of the real roots of the equation 
xt —. 243 — Ta? + L024+10=0. 
[Ans. ‘The roots are all real, and are situated in the intervals 
(—3, ~2) [-1, 91, and two between [2, 3). 


6. Analyse the equation 
vo 4 3xt + 2x3 —32x? - 27 —2.=9. 
It will ba found that the calculation may cease with the quadratic re- 
. 


mainder. 
Ans. There is only one roal root ; in the interval (1, 2]. 


7. Analyse the equation 
zi x34 lx? — 10224-181 -0. 
We find falx) =854r— 2751, 
Js). 


o 
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In some examples, of which the present is an instance, it is not easy to tell 
immediately what sign the Toot of the penultimate function gives to the preced- 
ing function. We have here calculated f,(z), and it turns out, to be a much 
smaller number than might have been expected from the magnitude of the co- 


efficients in f,(z). In fact when the root of f(z) is substituted in f,(@) the posi- ` 


tive part is nearly equal to the negative part. This is always an indication that 
two roots of the proposed equation are nearly equal. There are in the pre- 
sent instance two positive roots between 3 and 4. Subdividing the intervals, we 
find the two roots still to lie between 3-2 and 3:3; so that they are very close 
together. . We have here another illustration of the continuity which exists bet- 
ween real and imaginary roots (cf. Arts, 17, 18). If f(x) were zero, the two roote 
would be equal ; and if it were a small negative number, they would be 
imaginary. 
8. Analyse the equation 
ada soaa 28—2e2+ 21 —0, $ 
The quadratic function is found to have imaginary roots, 
[Ans. One real root between [0, 1]; four imaginary roots. 
9. Analyse the equation 
at — 6x5 — 302%4 122 —9—0, 
We find 
f Siz) =5a4 420087 ; : 
and as this has clearly all imaginary roots, the calculation may stop here. 


[Ans. Two real roots ; in the intervals [—2, —1}, (6, 7} 


10. Analyse the equation à 
2x*— 1825+ 60x1 — 12023 30zx* + 18r —5=Ô. 
We find $ 


Ja(2)= 52442202141 ; 
and the calculation may stop. 


[Ans. Two réal roots ; in the intervals [—1, 0], [5, 6} ` 


11. Examine how the roots of the equation 
d 223-4 152? — 84x —190=0 ‘ 
are situated in the several intervals between the numbers —%, —7, 6, + w. 


Here Jilz)=zt4 58—14, | 
SJa(2)=2724+40, 
4(2)=+. 
The substitution of the above quantities gives . 
(a) $ a 


(0), Se E 
(6) F + + +, 
(—e) i 7% + + 
Whenever, as in this example, any quantity makes one of the auxiliary 
functions vanish [here —7 satisfies f,(z)=0), the zero may be disregarded in 
counting the number of changes of sign in the corresponding row ; for, since the 
signs on each side of it are different, no alteration in the number of char ges of 
signs in the row could take place, whatever sign be supposed attached to the 
vanishing quantity. 
The roois are all real. Thore is one root between -œ and —7 ; and two 
between —7 and 6. 


ee E 
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12. Analyse the equation 
1 3a4— 6z*—82—3=0. 
We find 
- f,(v)=328—3x—-2, 
fx(v)=(@+1)*. 
As f,(z) is a perfect square the calculation may cease. 
[Ans. Two real roots ; in the intervals [—1, 0], i, 2). 


99. Conditions for the Reality of the Roots of an Equa- 
tion. The number of Sturm’s functions, including f(x), f'(x) and the 
n—1 remainders, will in general be n+1. In certain cases, owing to 
the absence of terms-in the proposed functions, some of the remain- 
ders will be wanting. This can occur only when the proposed equa- 
tion has imaginary roots ; for it is clear that, in order to insure a loss 
of n changes of sign in the series of functions during the passage of x 
from, —co to +-co (namely, in order that the equation should have 
all its roots real), all the functions must be present., And, moreover, 
they must all take the same sign when r=-+co ; and alternating 
signs when z=—co. Since the leading term of an equation is always 
taken with a positive sign, we may state the condition for the reality 
of all the rots of any equation (supposed not to have equal roots) 
as follows :—In order that all the roots of an equation of the nth degree 
should be real, the leading coefficients of ai all Sturm’s remainders, in 
number n —1, must be positive. 


Examples 


l, Find the condition that the roots of the equation 
pele rete soe 
should be real and unequal. [Ans. b*—ac>0. 
2. Find the conditions that the roots of the cubic 
ò 2343Hz+@G=0 
should be all real and unequal. 
When this cubic has its roots all real, it is evident that the general cubic: 
from which it is derived (Art. 36) has also its roots all real ; so that in investiga- 
ting the conditions for the reality of the roots of a cubic in general, it is sufficient- 
tc discuss the form here written. Á 
We find Ji(2)=2 +H, 
Ja(z)=—2Hz—@, 
flz)=—(@ +44"). 
(in calculating these, before dividing f,(z) by f,(), multiply the former 
by the positive factor 2H*.] 
Hence the required conditions are, H negative nih Q24+4H? negative. 
These can be expressed as one condition, viz., G*+44H® negative, since this’ 
implies the former (cf. Art. 43). 
3. Calculate Sturm’s remainders for the biquadratie 
2¢46H2*+44Gz4a*]-3H*=0. 
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We find Jy(2)= ~ 8H22—3Gz— (a*l -3H*), 
f,l2)=— (2HI—3aJ)z - GI, 
f,(2)=B 2733. 

These are obtained without much difficulty by aid of the identity of Art 
37. Before dividing f, by fa multiply by the positive factor 3H? ; and whon the 
remainder is found, remove the positive factor a*. Before dividing f, by f,, multi- 
ply by the positive factor (2HJ—3aJ)* ; and when the remainder is fourd, ro- 
move the positive factor a*H?, 

100. Conditions for the Reality of the Roots of a Biquad- 
ratic. In order to arrive-at criteria of the nature of the roots ot the 
general algebraic equation of the fou.th degree by Sturm’s method, 
it is sufficient to consider the equation of Ex. 3 of the preceding 
Article. By aid of the forms of the leading co-efficients of Sturm’s 
remainders there calculated, we can write down the conditions that all 
the roots of a biquadratic should be real and unequal in the form 

H negative, 2HI—3aJ negative, 13 —27.J* positive. 

It will be observed that the second of these conditions is differ- 
ent in form from the corresponding condition of Art. 68. To show the 
equivalence of the two forms it is necessary to prove that when H is 
negative and ^ positive, the further condition 2HJ—3aJ negative 
implies the condition a?/—12H? negative, and conversely. From 
the identity of Art. 37, written in the form —H(a*J--12H?)= 
a*(2HI—3aJ) —3G*, it readily appears that when H and 2HI -3aJ 
are negative a?I —12H*-is necessarily negative. And to prove the 
converse we observe that when aJ is positive 2HI—3aJ is negative, 
since J is positive on account of the condition A positive ; and when 
aJ is negative 2H] —3aJ is still negative, since the negative part 2H/ 
exceeds the positive part —3aJ, as may be readily shown by the aid 
of the inequalities 12H*>a*J and J°>27J*. f 

The student will have no difficulty in verifying, by means of 
Sturm’s functions, the remaining conclusions arrived at in the differ- 
ent cases of Art. 68. 

Examples 

1. Apply Budan’s method to separate the roots of the equation 

at — 1629 4. 692*--702-—-42—0. 
[Ans. Roots in intervals [—1, 0), [2, 3), 4. 5), {9 19). 

2. Apply Sturm’s theorem to the analysis of the equation 

> gi— 4294 77*—62—4=0, 

In analysing a biquadratic of this nature which has clearly two real roots, 
when a Sturmian remainder is reached whose leading co-efficient is negative, the 
calculation may cease, since the other pair of roots must then be imaginary, and 

` the positions of the real roots may be readily found by substitution in the given 
equation. {Ane. Two roots imaginary ; real roots in intervals [—1, 0), [2 3}. 
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3. Analyse in a similar manner the equation 
xt —5a3+ 102*—62—21=—0. 
[Ans. Two roots imaginary ; real roots in intervals [—1, 0} ; (3. 4]- 
4, Apply Sturm’s' theorem to the analysis of the equation 
at 4323—2?—82411=0. i J 
À [Ans. Roots all imaginary. 
+5. Find, by Sturm’s method, the number and positions of the real roots 


of the equation 
© gd — 1029 +60 4+1=9, 


[Ans. Roots all real ; one in the interval [—4, --3] ; two in the interval 
[—1, 0]; and positive roots in tho intervals [0, 1], [3 |. 
6 Calculate Sturm’s functions for tho following equation, anu show that 


all the roots are real :— 
x) — bat 4503+ 52*—5x—1=0, 


7. Calculate Sturm’s functions for the followivg equation, and show that 
four roots are imaginary :—: 

3254523420, 

This and the preceding example are instances in which, as the student 
will easily see, there is a factor common to two of Sturm’s remainders which are 
not consecutive. 

8. Calculate Sturm’s functions for the following equation, and verify the 
conclusions of Ex. 23, p. 85, with regard to the character of the roots :— 

2 — Spr? +5ptx+2q=0. 
9. Prove that, if c has any value except unity, tho equation 
ctxt——2c%x3 +22 -—1=0 
has a pair of imaginary roots. 
10, Prove that the roots of the equation 
x?—(a?+b?+4c%)x—2abe=0 
are all real, and solve it when two of the quantities a, b, c become equal. 
ll. Prove that when the biquadratic 
fixat pbr? Gor" + 4dx +6 
has a triple factor, it may be expressed in the form 
a f(x) sax +b+ y- Hj {ax-+b—3V =H]. 
12. Verify, by means of Sturm’s remainders, the conditions which must 
bo fulfilled when the biquadratie of the preceding example is a perfect square, 


and prove in that case 
af(a)=[(ax +6)? +3H}. 


13. Prove that, when all Sturm’s functions sre present, the number of 
changes of sign among the coefficients of the leading terms is equal to the number 
of pairs of imaginary roots of the equation. 

14. If the sigas of the leading coefficients of the first two of Sturm'’s 
remainglers for a quintic be — +, prove that the number of real roots is deter- 
mined. {Ans, One real root only, 

15. If H and J are both positive, prove that all the roots of the biquadra- 
tic are imaginary ; and that under the same conditions the quint ven with 
binomial coefficients has only one real root, 

(Mr M. Ropers, Dublin Exam. Papers, 1862) 

16. Intne application of Sturm’s theorem, if any function be reached 
whose signs are all positive or all negative, the number and situations of the posi- 
tive roots of the original cquation can be examined without the aid of the lower 
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Sturmians ; and if a function be reached whose signs are alternately positive and 
negative, the negative roots of the original equation may be discussed in a similar 
manner. 

17, If all the roots of any equation f(x)=0 are real, prove that all the 
roots of every one of Sturm’s auxiliary functions are also real. 

This can be established by reasoning similar to that of Art. 96, Consider 
the kt* remainder R+, and let its degree be m. This and the m functions which 
follow constitute a series of which no adjacent two can vanish together. When 

=—o, their signs are alternately positive and negative, and when t=+0, 
they are all positive, There are, therefore, m changes of sign to be lost as x 
passes from —2 to -+% ; and no change of sign canbe lost except on the passage 
through a root of R,=0, which equation must consequently have m real roots. 

Since a value of « which causes any of the functions to vanish gives op- 
posite signs to the two adjacent functions, it is easily inferred that any equation 
of the series is a limiting equation with regard to the function which precedes it- 

18, If the real roots of any one, f,,(z), of the Sturmian auxiliary functions 
be known, prove that the number and positions of the roots of the original equa- 
tion may be determined without the aid of the functions below Sm()- 

Let the real roots, in order of magnitude, Of fin(@)=0 be a, By... 2. n 6; 
the remaining roots being imaginary, As z varies from —œ to a value a little 
less than 0, the function /,,(%) cannot change its sign ; and, therefore, in examin- 
ing the roots of f(z)=0 which lie between these limits, the Sturmians which 
follow f,,(%) may be disregarded. The same holds true as x passes from a value 
a little greater than 0 to one a little less than 7 ; and similarly for the remaining 
intervals, If, therefore, we examine separately the intervals [—# , 6], [6, y)...... 
[B, «], [x +% J. the number of roots of the original equation which lie in each of 
these regions can be determined without the aid of the lower Sturmian functions, 

19, If any one of Sturm’s auxiliary functions has imaginary roots, the 
original equation has at least an equal number of imaginary roots, 
(Mr, F. Purser) 
, This can be inferred from the preceding example by examining the 
greatest possible number of changes which can be lost in the series terminating 
with f,,(~), during the passage of x from — to +% ; remembering that, so far as 
the limited series is concerned, a change of sign may be gained on the passage 
through each real root of f(z) =0. 
20. Apply the method of Ex. 18 to the equation of Ex. 1, Art, 98. 

Disregarding the two lowest Sturmian remainders, we have 

S(2) = x4 43294-7294 1024-1, 
S'(2) = 43 + 9x? +142410, 
R = —29z*—782 +14, 

The roots of the equation R,=0 ure easily seen to lie in the intervals 
(—3, —2) and (0, 1). The equation f(z)=0 has two imaginary roots, since the 
coefficient of zè in R, is negative. The roal roots, if any, must be negative. The 
three functions above written are sufficient to determine the existence and situa- 
tions of roots in the intervals (—2x , —3) and (—2, 0). It is at once seen the two 
real roots of the original equation are situated in the latter interval. 

It will be found possible in many examples to avoid inthis way the cal- 
culation of the last two Sturmian remainders j and it will be observed that it is 
not necessary to know the actual roots of tho quadratic function, but only the 
intervals in which they are situated. 


CHAPTER XI 
SOLUTION or NUMERICAL EQUATIONS 


101. Algebraical and Numerical Equations. There is an 
essential distinction between the solutions of algebraical and 
numerical equations. In the former the result is a general formula 
of a purely symbolical character, which, being the general expression 
for a root, must represent all the roots indifferently. It must be such 
that, when for the functions of the co-efficients involved in it the 
corresponding symmetric functions of the roots are substituted, the 
operations represented by the radical signs »/, become practi- 
cable; and when the square and cube roots of these symmetric 
functions are extracted, the whole expression in terms of the roots 
will reduce down to one root : the different. roots resulting from the 
different combinations +/:of square roots, and 7, w, wy 
of cube roots. For a simple illustration of what is here stated, wo 
refer to the case of the quadratic in Art. 55. In Articles 59 and 66 
we have similar illustrations for the cubic and biquadratic. It is to 
be observed also that for formula which represents the root of an 
algebraic equation holds good even when the co-efficients are imagi- 
nary quantities. 


[n the case of numerical equations the roots are determined 
separately by the methods we are about to explain ; and, before 
attempting the approximation to any individual root, it is in general 
necessary that it should be situated in a known interval which con- 
tains no other real root. 


The real roots of numerical equations may be either commen- 
surable or incommensurable ; the former class including integers, 
fractions, and terminating or repeating decimals, which are redu- 
cible to fractions ; the, latter consisting of interminable decimals. 
The roots of the former class can be found exactly, and those of the 
latter approximated to with any degree of accuracy, by the methods 
we are about to explain. 

We shall commence by establishing a`theorem which reduces 
the determination of the former class of roots to that of integer roots 
alone. 
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102. Theorem. An equation in which the co-efficient of the first 
term is unity, and the co-effictents of the other terms whole numbers, 
cannot have a commensurable root which is not a whole number. 


For, if possible, let + a fraction in its lowest terms, be a 


root of the equation 


x" peel pyam—B ts ae +pn_jt-+ pr=0 ; 
we have then 
a" a "~l ^ 
(+) +a) onns PER 5; )+Pa=0 ; 
from which, multiplying by b"-1, we ubtain 


n 
2% = pa" paar bpas. + pn 10b"? --pab"- t. 


Now a” is not divisible by b, and each term on the right-hand side 
of the equation is an integer. We have, therefore, a fraction in its 


lowest terms equal to an integer, which is impossible. Hence ` 
cannot be a root of the equation. The real roots of the equation, 
therefore, are either integers or incommensurable quantities. 


Every equation whose co-efficients àre finite numbers, fractional 
or not, can be reduced to the form in which the co-eMicient of the 
first term is unity and those of the other terms whole numbers 
(Art. 31) ; so that in this way, by the aid of a simple transformation, 
the determination of the commensurable roots in general can 
be reduced to that of integer roots. 


We proceed to explain Newton's process, called the Method of, 
Divisors, of obtaining the integer roots of an equation whose co-effi- 
cients are all integers. 


102. Newton’s Method of Divisors. Suppose A to be an 
integer root of the equation 


gt" +a" I... Hanit- On = 0. (1) 
Let the quotient, when the polynomial is divided by x—A, be 
ban 14 ben 8 4... by 9+ By 4s 
in which b,, b, etc., are crearly all integers. 
Proceeding as in Art, 8, we obtain the following equations :— 
y= bg, @y=b, —hby, y= by hy... 5 


ay 29 bnt- hbk- an -1=bni— hbng. 4,=- hbn i 
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The last of these equations proves that a, is divisible by h, the 
quotient being —b,_,. The second last, which is the same as 


anat =—hb,_ -29 


proves that the sum of the quotient thus obtained and the second 
last co-efficient is again divisible by h, the quotient being —b, n-2 ; and 
so on. 

Continuing the process, the last quotient obtained in this way 
will be —b,, which is equal to =). 

If we perform the process here indicated with all the divisors of 
a, which lie within the limits of the roots, those which satisfy the 
above conditions, giving integer quotients at each step, and a final 
quotient equal to —a,, are roots of the proposed equation. Those 
which at any stage of the process give a fractional quotient are to be 
rejected. 

When the co-efficient ag=1, we know by the theorem of the 
last Article that the integer roots determined in this way are all the 
commensurable roots of the proposed equation. If a, be not =1, the 
process will still give the integer roots of the equation as it stands ; 
but to be sure of determining in this way all the commensurable 
roots, we must first transform the equation to one which shall have 
the co-efficient of the highest term equal to unity. 

104. Application of the Method of Divisors. With a 
view to the most convenient mode of applying the Method of 
Divisors, we write the series of operations as follows, in ẹ manner 
analogous to Art. 8 : — 

An Gn _4 On gress Ag CA Ms 
—bn-1 Öns —b, —b, —by 
—Mag My, hb, —hb, 0 

The first figure in the second line (—6,_,) is obtained by divid- 
ing a, by h. This is to be added to a,_, to obtain the first figure in 
the third line (—hb,_.). This is to be divided by h to obtain the 
second figure in the second line (—b,_3) ; this is to be added to a,- , 
ahd sô on. Ifh bea root, the last figure in the second line thus 
obtained will be —a,. 

When we succeed in proving in this manner that any integer h 
is a root, the next operation with any divisor may be performed, not 
on the original ca-efficients an, Anq, «.-++- , but on those of the second 
line with their signs changed, for these are the co-efficients of the. 
quotient when the original polynomial is divided by z—h. When any 
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divisor gives at any stage a fractional result it is to be rejected at 
once, and the operation so far as it is concerned stopped. 

The numbers 1 and —1, which are always of course integer 
divisors of ap, need not be included in the number of trial divisors. 
It is more convenient before applying the Method of Divisors 
to determine by direct substitution whether either of these numbers 
is a root. a 

Examples 
1. Find the integer roots of the equation 
as 2a — 13274 38a—24=0. 

By grouping the terms (see Art. 87) we observe without difficulty that all 
the roots lie between —5 and +5. The following divisors aro possible roots :— 

—4, —3, MG aA Fe 4 
We commence with 4 :— 


—24 38 —13 —2 1 
—6 8 
32 5 
The operation stops here, for since —5 is not divisible by 4, 4 cannot be 
& root. 
‘We proceed then with the number 3: 
—24 38 —13 —2 1 
-8 10 -l -1 
E 8 0; 


hence 3 is a root ; and in procoeding with tho next integer, 2, we make use, as 
above explained, of the co-efficients of the second line with signs changed : 


8 10 1 1 
4 —3 -l 
—6 e } 0; ; 
hence 2 also is a root; and we proceed with —2; 
= 3 1 
2 
5; 
hence —2 is not a root, for it does not divide 5. —3 is plainly not 4 root, for it 


does not divide —4, 
[We might at once have struck out —3 as not being 4 divisor “of 
the alsolute term 8 of the reduced polynomial. This remark will often bo of use 
in diminishing the number of divisors.] 
We proceed now to the last divisor, —4. 
=d 


3 1 
1 —1 
4 0 
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Thus —4 is a root. 

The equation has, therefore, the integer roots 3, 2, --4 ; and the last stage 
of the operation shows that when the original polynomial is divided by the 
binomials. x—3, x—2, x44, the result is z--1 ; 80 that l is also a root. Hence 
the original polynomial is equivalent to 

(e—1)(%7—2)(x—8)(x 4-4). 

2. Find the integer roots of 

* Sut 2328 4 35x24 31z—30=0, 

The roots lie between —2 and 8 ; hence we havo only to test the divisors 
2, 3, 5, 6. 

We find immediately that 6 is not a root. 

For 5 we have 


—30 31 $5.4 .=33 3 
—6 5 k EEPE S 
25 40 —15 9 


hone 5 is a root. For 3 we have 
6 -5 -8 3 


-3 —9 0; 
hence 3 is a root ; and wo easily find that 2 is not a root. 
The quotient, when the original polynomial is divided by (2 —5)(%—3), is, 
from the last operation, 
Sat+2—2; 
of this 1 is not a root, and —1 is a root. Hence all the integer roots of the pro- 
posed equation are —1, 3, 5. 
The other root of the equation is 2/3. It is a commensurable root; but, 
not being an integer, is not given in the above operation. 
3. Find all the roots of the equation 
at +2322? + 42 —24=0. 
Limits of the roots are —4, 3. [dns, Roots --3,2, + 2y/—1. 


4. Find all the roots of the equation 
ot —273— 1924 68x -60=0. 

The roots lio between —6 and 6. 

We find that 2, 3, —5 are roots, and thatthe factor left after the final 
division is æ—2 ; hence 2 is a double root. The polynomial is, therofore, equi- 
valent to z 
(x —2)%(2+4+3)(2 +5). 

In Art. 106 the case of multiple roots will be further considered. 

105. Method of Limiting the Number of Divisors, It is 
possible of courge to determine by direct substitution whether any of 
the divisors of a, are roots of the proposed equation ; but Newton’s 
method has the advantage, as the above examples show, that some 

s: X% 
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of the divisors are rejected after very little labour. It has a further 
advantage which will now be explained. When the number of divi- 
sors of a, within the limits of the roots is large, it is important to be 
able, before proceeding with the application of the method in detail, 
to diminish the number of these divisors which need be tested. This 
can be done as follows :— ` 

If h is an integer root of f(x)=0, f(2} is divisible by x—h 
and the coefficients of the quotient are integers, as was above ex- 
plained. If, therefore, we assign to x any integer value, the quotient 
of the corresponding value of f(x) by the corresponding value of x—h 
must be an integer. We take for convenience, the simplest integers 
l and —1; and before testing any divisor h, we subject it to the 
condition that /(1) must be divisible by 1—h (or changing the sign, 
by h—1) ; and that f(—1) must be divisible by —1 —h (or, changing 
the sign, by 1+4). 
_ In applying this observation it will be found convenient to 
caleulate f(1) and f(—1) in the first instance if either of these 
vanishes, the corresponding integer is a root, and we proceed with 
the operation on the reduced polynomial whose coefficients have been 
ascertained in the process of finding the result of substituting the 
integer in question. 


Examples 

5 x5 — 23094 16029 —281x*— 2572 —440=0. 

The roots lie botween —1 and 24. 

We have the following divisors :— 

2, 4, 5, 8, 10, i, 20, 22. 
We easily find 
S(1)=—840, and f(—1)=— 648. ' 

We, therefore, exclude all the above divisors, which, when diminished by 
1, do not divide 840 ; and which when increased by 1, do not divide 648. The 
first condition excludes 10 and 20, and the second 4 and 22. Applying the 
Method of Divisors to the remaining integers 2, 5, 8, 11, we find that 5, 8 and 11 
are roots and that the resulting quotient is «*+-+4-1. Hence the given polynomial 
is equivatent to 

` (x—5)(a#—8)(2—11)(z*42+1). 


$: z’ — 29r — 31294 3l —32x -+ 60=0. . 
The roots lic between +3 and 32. 
Divisors : a2, 2, 3, 4, 5, 6, 10, 12, 15, 20, 30. 


SU)=9;801 is a root. 
re ioe 124 ; and the above condition excludes all tho divisors except 
—2, 3, 30. 
We easily find that — 2 and 30 are roots and that the final quotient is 
a?41. The given polynomial is equivalent to 
(x —1)(2 —30)(24-2)(274-1). 


’ 
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106. Determination of Multiple Roots. The Method of 
Divisors determines multiple roots when they are commensurable. In 
applying the method, when any divisor of a, which is found to be a 
root is a divisor of the absolute term of the reduced polynomial, we 
must proceed to try whether it is also a root of the latter, in which 
case it will be a double root of the proposed equation. If it be found 
to be a root of the ngxt reduced polynomial, it will be a triple root 
of the proposed ; and so on. Whenever in an equation of any degree 
there exists only one multiple root, ř times repeated, it can be found 
in this way ; for the common measure of f(x) and f'(x) will then be 
of the form (#—«)r-1, and the coefficients of this could not be com- 
mensurable if « were incommensurable. 

Multiple roots of equations of the third, fourth, and fifth degrees 
can be completely determined without the use of the process of find- 

- ing the greatest common measure, as will appear from the following 
observations :— 

(1) The Cubic. In this case multiple roots must be commensur- 
able, since the degree is not high enough to allow of two distinct 
roots being repeated. 

(2) The Biquadratic. In this case either the multiple roots are 
commensurable or the function is a perfect square. For the only 
form of biquadratie which admits of two distinct roots being repeated 
is 

(x—a)?(4—B)*, 
viz., the square of a quadratic. The roots of the quadratic may be 
incommensurable. If we find, therefore, that a biquadratic has no 
commensurable roots, we must try whether it isa perfect square in 
order to determine further whether it has equal incommensurable 
roots. 

(3) The Quintic. In this case, either the multiple roots are 
commensurable, or the function consists of a linear commensurable 
factor multiplied by the square of a quadratic factor. For, in order 
that two distinct roots may be repeated, the function must take one 
or other of the forms 

‘ (x—a)"(e—B)'(a—y), (2—a)%(x—B)?. 
In the latter case the roots cannot be incommensurable ; but the 
former may correspond to the case of a corfimensurable factor multi- 
plied by the square of a quadratic whose roots are incommensurable. 
If then a quintic be found to have no commensurable roots, it can 
have no multiple roots. If it be found to have one commensurable 
root only, we must examine whether the remaining factor is a perfect 
X 
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square. If it have more than one commensurable roct, the multiple 
roots will be found among the commensurable roots. 


Examples 
1. Find all the commensurable roots of 
2x3 31224-11274 64—0. 
The roots lie between the limits — 1, 16. The divisors are 2, 4, & 


64 112 —31 52 
8 15 —2 
120 —16 0; 
is, therefore, a root. Proceed now with the reduced equation : 
—8 —16 2 
-1l —2 


—16 0; 
8 is a root again, and the remaining factor is 22-1. 
{Ans. f(*)=(2%41)(2-8)*. 

2. Find the commensurable and multiple roots of 

axta 30x*— 76x —56=0. 

Tho roots lie between the limits, —6, —12 (Apply method of Ex. 10 
At, 87). [Ans. f(x) =(x+2)%(x—7) 

3. Find the commensurable and multiple roots of 

Gxt —12x3 —71a*—40x+16=0. 

The roots lie between the limits —2, 5. 

The equation as it stands is found to have no integer root; but it may 
still have a. commensurable root. To test this we multiply the-roots by 3 in order 
to get rid of the coefficient of zt. We find then 

—4x3—Tlx?— 1202 4. 144=0. 
Limits ; —6, 15. 
We find —4 to be a double root of this, and the function to be equiva'ent 


to (w?--12a+4-9)(+44)". The original equation is, therefore, identical with the 
following :— * 


o 


(z°— 4x4 1)(32+44)?=0. 

4. Find the commensurable and multiple roots of 

at 4-12134-321?— 2424 4=0. 

The roots lie between —-12 and 1. The only divisors to be testéd are, 
therefore, —4, —2, —1. We find that the equation has no commensurable root. 
We proceed to try whether the given function is a perfect square. This can be 
done by extracting the square root, or by applying the conditions of Ex. 3, p. 102. 
We find that it isthe square of 2*-+ 6x—2 (cf. Ex. 1, p. 129), 
equation has two pairs of equal roots, both incommensurable. 

5. Find the commengurable and multiple roots of 

JI() ax*—xt — 1228 4.82" +4282 4+ 12=0. 

The limits of the roots are — 4, 4. 

We find that —3 is a root, and that the reduced equation is 

—42948244=0, 
and that there ie no other commensurable root. 


Hence the given 


h 
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; The only case of possible occurrence of multiple roota is, therefore, when 
this latter function is a perfect square. It is found to be perfect square, and we 
have A(x) =(x*—2x—2)*(2+3)*. 

6. Find the commensurable and multiple roots of 

fiz) = 2582 + 2229 262% 4 21a—18=0. 
[Ans. f(a) = (2*+1)(# =2)(2—38)*. 

7. The following equation has only two different roots ; find them :— 

T — 132+ +6723 —1712*+2162—108=0. 

In general it is obvious that ifan integer root h occura twice, the last 
coefficient must contain h* as a factor, and the second last h ; if the root ocours 
three times, h? must be a factor of the last, h? of the second last and h of the 
third last coefficient. The last coefficient here —2°.3*, Hence, if neither —1 nor 1 
is a root, the required roots must be 2 and 3. That these are the roots is easily 
verified, 

8, The equation 

8002 — 1022-24 3=0 
has equal roots ; find all the roots. 
In this example it is convenient to change the roots into their recipro- 
c als before applying the Method of Divisors. 
[Ans. f(x)=(10x—3)(5e—1)(42+41)*. 

107. Newton’s Method of Approximation. Having shown 
how the commensurable roots of equations may be obtained, we pro- 
ceed to-give an account of certain methods of obtaining approximate 
values of the incommensurable roots. The method of approximation, 
commonly ascribed to Newton,* which forms the subject of the 
present Article, is valuable as being applicable to numerical equations 
involving transcendental functions, as well as those which involve 
algebraical functions only. Although when applied to the latter 
class of functions Newton’s method is, for practical purposes, inferior 
jn form to Horner's, which will be explained in the following Articles, 
yet in principle both methods are to a great extent identical. 

In all methods of approximation the root we are seeking is 
supposed to be separated from the other roots, and to be situated in 
a known interval between close limits. 

Let f(x)=0 be a given equation, and suppose a value a to be 
known, differing by a small quantity from a root of the equation. 
We have then, since a+-h is a root of the equation, f(a+h)=0 ; or 

fea) +f ah h=. 
Neglecting now, since % is small, all powers of h higher than the first, 
we have 


t S@+f'(a) h=0, 


*See Note B at the end of the volume, 
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giving, as a first approximation to the root, the value 
f(a) 
OHRA” 
AG) 
Representing this value by b, and applying the same process second 
time, we find as a closer approximation 
o= fè) : 
F) : 
By repeating this process the approximation can be carried to 
any degree ef accuracy required. 
Example 
Find on approximate value of the positive root of the equation 
z§—2z—5=0. 
` The root lies between 2 and 3 (Ex. 1, Art. 96). Narrowing the limits, the 
root is found to lie between 2and 2'2: We take 2'1 as the quantity represented 
by a. It cannot differ from the true value a+- of the root by more than 0-1, We 
find easily 
ao A a a 
f(a) JE) 123 
A first approximation is, therefore, 
2-1 —0-00543 = 2-0946. 


0-00543. 


Taking this as b, and calculating the fraction ie , we obtain 
FO)», 
b— gn? 09455148, 
for a second approximation ; and so on. 
The approximation in Newton’s method is, in general, rapid. 
When, however, the root we are seeking is accompanied by another 


nearly equal to it, the fraction re is not necessarily small, since 
the value of either of the nearly equal roots reduces f'(x) to a small 
quantity. A case of this kind requires special precautions. We do 
not enter into any further discussion of the method, since for prac- 
tical purposes it may be regarded as entirely superseded by Horner’s 
method, which will now be explained. i 

108. Horner’s Method of Solving Numerical Equations. 
By this method both the commensurable and incommensurable roots 
can be obtained. The root is evolved figure by figure : first, the 
integer part (if any), and then the decimal part, till the root termi- 
nates if it be commensurable, or to any number of places required if 
it be incommensurable, The process is similar to the known proces- 
ses of extraction of the square and cube root, which are, indeed, only 
particular cases of the general solution by the prevent method of 
quadratic and cubic equations. 
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The main principle involved in Horner’s method is the suc- 
cessive diminution of the roots of the given equation by known 
quantities, in the manner explained in Art. 33. The great advantage 
of the method is, that the successive transformations are exhibited in 
a compact arithmetical form, and the root obtained by one con- 
tinuous process correct to any number of places of decimals 
required. è 

This principle of the diminution of the roots will be illustrated 
in the present Article by simple examples. In the Articles whiċh 
follow, some additional principles which tend to facilitate the practi- 


cal application of the method will be explained. 
Examples 

1. Find the positive root of the equation 

228—85a*—852—87=0. 

The first etep, when any numerical equation is proposed for solution, is to 
find the first figure of the root. This can usually be done by & fow trials; although 
in certain cases the methods of separation of the roots explained in Chap. X, may 
have to be employed. In the present example there can be only one positive 
root ; and it is found by trial to lie between 40 and 50. Thus the first figure 
of the root is 4. We now diminish the roots by 40. The transformed equation 
will have one root between 0 and 10. It is found by trial to lie between 3 and 
4. We now diminish the roots of the transformed equation by 3; so that the 
roots of the proposed equation will be diminished by 43. The second transformed 
equation will have one root between 0 and 1. On diminishing the roots of this 
latter equation by -5, we find that its absolute term is reduced to zero, t.e.5 the 
diminution of the roots of the proposed equation by 43°5 reduces its absolute 
term to zero. We conclude that 43-5 is a root of the given equation, Tho series 
of arithmetical operations is represented as follows :— 


2 -85 -85 _s7 (435 
200 —11400 
ite Bs? EAEE 
—5 — 285 — 11487 
80 3000 9594 
I Loa Tat, I as ** 
75 2715 — 1893 
80 483 1893 
155 3198 0 
6 + 601 
« 161 3699 
6 87 
167 3786 z 
6 | 
173 
a" 
174 


) 
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The broken lines mark the conclusion of each transformation, and the 


. figures in dark type are the coefficients of the successive transformed equations 
(see Art. 33). Thus 


22341552142715% —11487=0, 
is the equation whose roots are each less by 40 than the roots of the given equa- 
tion, and whose positive root is found to lie between 3 and 4. Ifthe second 
transformed equation had not an exact root -5 ; buf one, we shall suppose, 
between -5 and -6, the first three figures of the root of the proposed equation 
would be 43:5 and to find the next figure we should proceed to a further trans- 
formation, diminishing the roots by -5 ; and so on. 
2. Find the positive root of the equation 
4x3 —132°—3la+275=0. 


We first write down tke arithmetical work, and proceed to make certain obser- 
vations on it :— 


4 -13 -31 -275 (626 
24 66 210 
1 ~a =e 
24 210 51-392 
35 | 25 | —13-608 
yn e roo 13-608 
59 256-96 yr at 1 
8 12-12 
ye ay 
‘8 3-08 
60-6 “272-16 
8 
era 
2 
616 


We find by trial that the proposed equation has its positive root between 
6and 7. The first figure of the root is, therefore, 6. Diminish the roots by 6. 
The equation 

w+ 590" 4.2452 —65=0 
has, therefore, a root between 0 and 1. It is found by trial to lie between -2 and 
‘3. The first two figures of the root of the proposed equation are, therefore, 6:2. 
Diminish the roots again by -2. The transformed equation is found to have the 
Toot 05. Hence 6-25 is a root of the proposed equation. 

It is convenient in practice to avoid the use of the decimal points. This 
can easily be effected as follows :—When the decimal part of the root (suppose 
abe...) is abont to appear, multiply the roots of the corresponding transformed 
equation by 10, i.e., annex one zero to the right of the figure in the first column, 
two to the right of the figure ia the second column, three to the right of that in 
the third; and so on, if there be more columns (as there will of course be in equa- 
tions of a degree higher than the third). The root of the transformed equation 
is then, not ‘abe...... » but abe... Diminish the roots by a. The transformed 
equation has a root ‘be... Multiply the roots. of this equation again by 10. The 
rcot becomes b-c..., and the process is continued as before. To illustrate this 
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we repeat the above operation, omitting the decimal points. In all subsequent 
examples this simplification will be adopted :— 


4 —13 —3l —275 (8-25 
24 66 210 
ii “35 «=, -6500 
24 210 51392 
35 24500 ~~ 13608000 
24 1196 | 13608000 
590 “25696 jag 
8 2 1212 | 
598 2690800 
8 | 30800 
606 | 2721600 
8 
6140 
20 
6160 
3. Find the positive root of the equation 
20x3—121z?—121z—141=0. s 


The root is easily found to lie between 7and 8. It is, therefore, of the 
form 7.ab... When the roots are diminished by 7, and multiplied by 10, the 
resulting equation is 


The positive root of this is a-b... ; and as the root clearly lies between 0 and 

1, we have a=0. We, therefore, place zero as the first figure in the decimal part 

of the root, and multiply the roots again by 10, before proceeding to the aecond 
transformation. 5 is easily seen to be a root of the equation thus transformed. 

[Ans. 7:05. 

In the examples here considered the root terminates at an early 

stage. When the calculation is of greater length, if it were necessary 

to find the successive figures by substitution, the labour of the process 

would be very great. This, however, is not necessary, as will appear 

in the next article ; and one of the most valuable practical advant- 


equation itself suggests by mere inspection the next figure of the root. 
*The principle of this simplification will now be explained. 
109. Principle of the Trial divisor. We have seen in Art. 
107 that when an equation is transformed by the substitution of a+h 
for, x, a being a number differing from the true root by a quantity h 
small in proportion to a, an approximate numerical value of h is 
obtained by dividing f(a) by /’(@). Now the successive transformed 
equations in Horner’s process are the results of transformations of 
this kind, the last coefficient being f(a), and the second last f'(a) (see 
Arts 33). Hence, after two or three steps have been completed, so 
that the part of the root remaining bears a small ratio to the part 
already evolved, we may expect to be fyrnished with two or three 
more figures of the root correctly by mere division of the last by the 
second last coefficient of the final transformed equation. We might, 
therefore, if we pleased, at any stage of Horner's operations, apply 
Newton’s method to get a further approximation to the root. In 
Horner’s method this principle is employed to suggest the next follow- 


é \ 


< x 


188 SOLUTION OF NUMERICAL EQUATIONS ” 
ing figure of the root after the figures already obtained. The second 
last coefficient of each transformed equation is called the trial-divisor. 
Thus, in the second example of the last Article, the number 5 is 
correctly suggested by the trial-divisor 2690800. In this example, 
indeed, the second figure of the root is correctly suggested by the 
trial-divisor of the first transformed equation ; aithough, in general, 
such is not the case. In practice the student will have to estimate 
the probable effect of the leading coefficients of the transformed 
equation ; he will find, however, that the influence of these terms 
becomes less and less as the evolution of the root proceeds, 
Examples 
1, Find the positive root of the equation 
2+42%4+2—100=0 

correct to four decimal places. 


It-is easily seen that the root Hes between 4 and 5. We write down the 
work, and proceed to make observations on it :— 


in 1 —100 (4:2644 
4 20 84 
on ea —16000 — 
4 36 11928 
9 "5700 «| ~~ 4072000 
4 264 | 3788376 
130 ~ 5964 — 283624000 
2 268 256071744 
“432 EEN T 97552256 
a Os sise | 
134 ~ 631396 
2 8232 
1360 | 63962800 | 
6 55136 
~ 1366 64017936 
6 55152 
1372 64073088 
6 
13780 
HEY 
13784 
PEK 
13788 
EN 
i Ta 


First diminish the roots by 4. As the decimal part is now about to 
appear, attach ciphers to the .oefficients of the transformed equation as explain- 
ed in Ex. 2, Art. 108, Since the coefficient 130 is small in proportion to 5700, 
we may expect that the trial-civisor will give a good indication of the next 
figure. The figure to be adopted in every case as part of the root is that highest 
number which in the process of transformation will not change the sign of the absolute 
term. Here 2 is the proper figuro In diminishing by 2 the roots of the trans- 
formed equation 24-1302 + 57002 —16000=0, 
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the absolute term retains its sign (—4072). If we had adopted .the figure 3, the 
absolute term would have become positive, the change of sign showing that we 
had gone beyond the root. We must take care that, after the first transforma- 
tion (the reason of this restriction will appear inthe next example), the absolute 
term preserves its sign throughout the operation. If wo were to take by mistake, 
a number too small, the error would show itself, just asin ordinary division or 
evolution, by the next suggested number being greater than 9. Such a mistake 
however, will rarely be made, The error which is most common is to take the 
number too large, and this will show itself in the work by the change of signin 
the absolute term. In thé above work it is evident, without performing the fifth 
transformation, that the corresponding figure of the root is 4, 80 that the correct 
root to four decimal places is 4:2644. 


2. The equation xt +4a3—4e—llv+4=0 
has one root between 1 and 2 ; find its value correct to four decimal places. 
LNN 24 Li 4 (1-6369 
1 5 1 —10 
5 1 = 10a} — 60000 
1 6 So | 56976 
6 7 —3000 — 90240000 
1 7 11496 72600561 
TIRT E 8106 — 175494390000 
1 516 14808 ' 152131052016 
80 1916 23304000 — 23363337984 
6 552 926187 
"86 2468 24230187 
6 588 935601 
92 305600 25165788000 f 
6 3129 189387336 | 
“os | 80872 35355175336 
6 3138 189766488 
“Toso 311867 25544941824 
3 3147 
1043 31501400 
63156 
1046 31564556 | 
3 63192 
“049 31627748 
3 | 63228 
T0520 31690976 
6 
“10526 | í 
"E 
“10532 
6 . 
10538 
6 
10544 ; x 
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We see without completing the fifth transformation that 9 is the next 
figure of the root, The root is, therefore, 1-6369 correct to four decimal places. 

į The trial-divisor becomes effective after the second transformation, sug- 
gesting correctly the number 3, and all subsequent numbers. The first trans- 
formed equation has its last two terms negative. We may expect, therefore, that 
the influence of the preceding coefficients is greater than that of the trial-divisor, 
as in fact is here the case. The number 6, the second figure of tho root, must 
be found by substitution. We havo to determine whad is the situation betwoon 
0 and 10 of the root of the equation 

xt +8024 1400x*— 3000x—60000—0. 

A fow trials show that 6 gives a negative, and 7 a Positive result, Hence 
the root lies between 6 and 7 ; and 6 is the number of which we are in search. In 
the subsequent trials we take those greatest numbers 3, 6, 9, in succession, which 
allow the absolute term to retain. its negative sign. In the first transformation, 
diminishing the roots by 1, there is a change of sign in the absolute term. Tho 
meaning of this is, that we have passed over a root lying between 0 and 1, for 0 
gives a positive result, 4; and 1 gives a negative result, —6. In all subsequent 
transformations, so long as we keep below the root, the sign of the absolute 
term must be the same as the sign resulting from the substitution of 1. Tbis 
supposes of course that no root lies between 1 and that of which we are in soarch, 
This supposition we have already made in the statement of the question. In fact 
the proposed equation can have only two positive roots ; one of them lios bet- 
ween 0 and 1 and, therefore, only one between 1 and 2, 

When two roots exist between the limits employed in Horner's method, 
ùe., when the equation has a pair of roots nearly equal, certain precautions must 
be observed which will form the subject of a subsequent Article. 

3. Find the root of the preceding equation between 0 and 1 to-four deci- 
mal places. Commence by multiplying by 10. The coefficients are then 

1, 40, —400, — 11000, 40000 ; 
the trial-divisor becomes offective at once in consequence of the comparative 
smallness of the leading coefficients. The positive sign of the absolute term must 
be preserved throughout. [Ans. -3373. 

4, Find to three places of decimals the root situated bevweon 9 and 10 
of the equation 

at — 3x*-+- 762 — 10000 =0, [Ans. 9-886, 
[Supply the zero coefficient of x.) 


In the examples hitherto considered the root has been found 
to a few decimal places only. We proceed now to explain a method 
by which, after three or four places of decimals have been evolved as 
above, several more may be correctly obtained with great facility by 
a contracted process. 

110. Contraction of Horner’s Process. In the ordinary 
process of Contracted Division, when the given figures are exhausted, 
in place of appending ciphers to the successive dividends, we cut off 
figures successively from the right of the divisor, so that the divisor 
itself becomes exhausted after a number of steps depending on tl.o 

£ - 
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number of figures it contains, The resulting quotient will differ 
from the true quotient in the last figure only, or at most in the last 
two figures. In Horner’s contracted method the principle is the same. 
We retain those figures only which are effective in contributing to 
the result to the degree of approximation desired. -When the con- 
tracted process commences, in place of appending ciphers to the 
successive co-efficients of the transformed equation in the way before 
explained, we cut off ene figure from the right of the last co-efficient 
but one, two from the right of the last co-efficient but two, three 
from the right of the last co-efficient but three ; and so on, The 
effect of this is to retain in their proper places the important figures 
in the work, and to banish altogether those which are of little impor- 
tance. 

The student will do well to compare the first transformation by 
the contracted process in the first of the following examples with 
the corresponding step in the second example of the last Article, 
where the transformation is exhibited in full. He will then observe 
how the leading figures (those which are most important in 
contributing to the result) coincide in both cases, and retain their 
relative places ; while the figures of little importance are entirely 
dispensed with. 

In addition to the contraction now explained, other abbrevia- 
tions of Horner’s process are sometimes recommended ; but as the 
advantage to be derived from them is small, and as they increase the 
chances of error, we do not think it necessary to give any account of 
them. The contraction here explained is of so much impottance in 
the practical application of Horner’s method of approximation that 
no account of this method is complete without it. 

Examples 

l. Find the root between 1 and 2 of the equation in Ex. 2 of the last 
Article’ correct to seven or eight decimal places. 

Assuming the result of the Example referred to, we shall commence the 


contracted process after the third transformation has been completed. The . 
"subsequent work stands as follows ;— 


1052 315014 25165788 —17549439 (1636913575 
6 18936 15213090 
3156 2535515 | — 2336349 
6 18972 2301597 
3162 —— 2554487  |~34752 
mer | <r | 25601 
s 3 "955733 —9151 
3168 733 | ost 
wed eS Fä act oc 
31 256018 —1471 
1280 
s I9 


192 SOLUTION OF NUMERICAL EQUATIONS 

Here the effect of the first cutting off of figures, namely, 8 from the 
second last co-efficient, 14 from the thir last, and 052 from the fourth last, is to 
banish altogether the first co-efficient of the biquadratic. We proceed to dimi- 
nish the roots by 6 as if the co-efficients 1, 3150, 2516578, —17549439 which are 
left were those of a cubic equation. In multiplying by the corresponding figure 
of the root the figures cut off should be multiplied mentally, and account taken 
of the number to be carried just as in contracted division. 

After the diminution by 6has been completed, we cut off again in the 
transformed cubic 7 from the last co-efticient but one, 68 from the last but two, 
and the first co-efficient disappears altogether. The work then proceeds as if we 
were dealing with the co-eflicients 31, 255448, —2336349 of a quadratic. The 
effect of the next process of cutting off is to banish altogether the leading co 
efficient 31. The subsequent work coincides with that of contracted division, 
When the operation terminates, the number of decimals in the quotient may be 
depended on up to the last two of three figures. The extent to which the evo- 
lution of the root must be carried before the contracted process is commenced 
depends on the number of decimal places required ; for after the contraction 
commences we shall be furnished in addition to the figures already svolved, 
with as many more as there are figures, in the trial-divisor, less one. 

2. Find to seven or eight decimal places the root of the equation 

at—l2¢+7=0 
which lies between 2 and 3, 

This equation can have only two positive roots, one lies between 0 and 1, 

and the other between 2 and 3. For the evolution of the latter we have 


the following :— 


0 0 —]2 z (2-0472755671 
2 4 8 -8 
2 4 pp ~ 100000000 
2 8 “a | 83891456 
Saaana | AOE 20000000 — 16108544 
2 TO 972864 15493401 
e | 240000 20972864 615143 
2 3216 985792 446262 
800 243216 21958656 — 168881 
4 3232 17478 156226 
304 246448 2213343 — 12655 
4 3248 | 17478 11159 
nT 223021 | ~1496 
4 f 
| 2496 pzs BP ae \ 
32 | 223131 —158 
4 ! a 49 | 156 
816 24 223180 2 


On this we remark, that after diminishing the roots by 2, and. multiplying the 
roots of the transformed equation by 10, we find that the trial-divisor 20000 will 
not, “go into” the absolute term 10000 ; we put, therefore, zero in the quotient, 
and multiply again by 10, and then proceed as before. 


} 
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3. Find the root of the same equation which lies between 0 and 1. 
[Ans. 593685829. 
4. Find the positive root of the equation 
23 424-842" —67-6132—3761-2758=0, 

When the co.efficients of the proposed equation contain decimal points, 
it will be found that they soon disappear in the work in consequence of 
the successive multiplications by 10 after the decimal part of the root begins to 
appear. ° [Ans. 11-1973222. 

5. Find the negative root of the equation 

wt — 1224 +122—3=0 
to seven places of decimals. 

When a negative root has to be found, it is convenient to change the 
sign of x and find the corresponding positive root of the transformed equation. 

[Ans. —3-9073785. 

lii. Application of Horner’s Method to Cases where 
Roots are nearly Equal. We have seen in Art. 107 that the 
method of approximation there explained fails when the proposed 
equation has two roots nearly equal. Examples of this nature are 
those which present most difficulties, both in their analysis (see 
Ex. 7, Art. 98) and in their solution. By Horner’s method it is 
possible, with very little more labour than is necessary in other 
cases, to effect the solution of such equations. So long as the lead- 
ing figures of the two roots are the same, certain precautions must 
be observed, which will be illustrated by the following examples. 
After the two roots have been separated, the subsequent calculation 
proceeds for each root separately, just as in the examples of the pre- 
vious Articles. It is evident, from the explanation of the trial-divisor 
given in Art. 109, that for the same reason as that which explains 
the failure of Newton’s method in the case under consideration (see 
Art. 107), it will not become effective till the first or second stage 
after the roots have been separated. 


Examples 
1. The equation 
—Ta+7=0 

has two roots between | and 2 (see Ex. 2, Art. 96); find each of them to cight 
decimal places. 

Diminishing the roots by 1, we find that the transformed equation (after 
its roots are multiplied by 10), viz., 

234302? —4002-+41000=0, 
must have two roots between 0 and 10. We find that these roots lie, one between 
3 and 4, and the other between 6 and 7. The roots are now separated, and we 
proceed with each separately in the manner already explained. Tf the roots were 
not separated at this stage, we should find the leading figure common to the 
. 
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two, and, having diminished the roots by it, find in what intervals tho roots of 
the resulting equation were situated ; and so on, [Ans. 1:35689584 ; 1-69202147. 
2. Find the two roots of the equation 
23—49x* 4 6582 —1379=0 
which lie between 20 and 30. : 
We shall exhibit the complete work of approximation to the smaller of 
the two roots to seven places ; and then make some observations which will be a 
guide to the student in all cases of the kind 


eae 658 21379 (23-2131277 
20 —580 1560 
39 78 ae "181 
20 —180 —180 
—9 —102 1000 
20 42 —992 
i —60 | 8000 
3 5l | — 6739 
Pe Z900 RA 1261000 
3 | w | 11217403 
po ES Le een 
i 408 | — 34183 
go E o PERYA 
2 2061 -6786 
202 —6739 | 2628 
2 2062 | , 2372 
204 EA E 8 ear 256 
3 -467700 | | 256 
2 | 4 61899 | | E 236 
2060 ! —405801 Farol p 
Dpt 61908 i 
jis | | 348893 i 9 
baagi laih! 
2062 ; 34183 | 
: 206 | 
20630 206-—33977 ~~ 
3 4 
20633 | 3393 
3 | 4 » 
208% 7 —3389 
20679 


The diminution of the roots by 20 changes the sign of the absolute 
term. This is an indication that a root exists between 0 and 20, with which wo 
azo not at present concerned. The roots of the first transformed equation 

z*411z*—102z4181=0 
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are not yet separated, lying both between 3 and4. The substitution of each of 
these numbers gives a positive result, so that we have not here the same criterion 
to guide usin our search for the proper figure as in formsr oases, wiz., a change 
of sign in the absolute term. We have, however, a different criterion which 
enables us to find by mere substitution the interval within which the rovts lie. 
If we diminish the roots of x*+ 1la*—1L02x4181=0 by 4, the! resulting: equation 
is 2? +232? 4342 +413--0, which has no change of sign. Hence the two roots 
must lie between 0 and $.. If we diminish its roots by 3, the resulting equation 
(as in the above work) has the same number of changes of sign as the equation 
itself. Hence the two roots lie between 3 and 4. They are, therefore, not yet 
separated ; and we procsed to diminish by 3>" The next transformed Ste ata 
x3 +200% — 9002 + 1000=0 

is found in the same way to have both its roots between 2 and 3; the diminution 
by 2 leaving two changes of sign in the coefficients of the transformed equation 
(a8 i the above work), and the diminution by 3 giving all positive signs. So far, 
then, the two roots agree in their first three figures, viz., 23-2. We diminish 
again by 2. The resulting equation x3 4-2060xz?— 88002 +-1261000—0 has ono root 
only between l and 2; 1 giving a positive, and 2 a negative result; its other 
root lies between 2 and 3; 3 giving a positive result. The roots are now sepa- 
rated. We proceed, asin fhe above work, to approximate to, the lesser root, by 
diminishing the roots of this equation by 1 ; the trial divisor becoming effective 
at the next step. To approximate to the greater root, we must diminish by 2 
the roots of the same equation, taking care that in the subsequent operations 
the negative sign, to which the previously positive sign of the absolute term 
now changes, is preserved. The second root will be found to be 23-2295212. ` 


So long. as the two roots remain together, a guide to the proper figure of 
the root-may be obtained by dividing twice the last coeffigient by the second 
last, or the second last by twice the third last. The reason of this is, that the 
proposed equation approximates now to the quadratic formed by the last threo 
terms in each transformed equation ; just as in previous cases, and in Newton's 
method, it approximated to the simple equation formed by the last two terms, 
this quadratic having the two nearly equal roots for its roots ; and when the two 


“roots of the equation az*4bx+4+c=0 are nearly equal, either of them is given 


—2¢ —b 
approximately by sO ai Thus, in the above example, the number 3 is 
2x 181 2x 1000 d 
suggested by ~ jpg» and the number 2 by —~g59-—. In this way we can 


generally, at tho first attempt, find the two integers between which the pair of 
roots lies. We shall have also an indication of the separation of the roots by 
observing when the numbérz suggested in this way by tho last throe cooffioients 


e F. 5 2c F b 
become different, s.e , when 4 Suggests a different number from da" 
3. Calculate to three decimal places each af the roots lying between ¢ 
and 5 of the equation 
wt 48r3—70x*—144% 4+936—0. 
(Ane. 4-242 ; 4-246. 
4. Find the two roots between 2 and 3 of the equation 
6429 — 592z*+ 16492 —1445=0. e 
[Ans. The roots AE 
. 
° 
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Here wo find that the two roots are not separated at the third decima? 
place. When we diminish by 5, the absolute term vanishes, showing that 2-125 is 
a root ; and proceeding with this ‘diminution the second last coefficient also 
vanishes. Hence 2-125 is a double root. 


When an equation contains more than two nearly equal roots, 
they can all be found by Horner's process in a manner similar to that 
now explained. Such cases are, however, of rare occurrence in prac- 
tice. The principles already laid down will be a sufficient guide to 
the student in all cases of the kind. 

112. Lagrange’s Method of Approximation. Lagrange has 
given a method of expressing the root of a numerical equation in 
the form of a continued fraction. As this method is, for practical 
purposes, much inferior to that of Horner, we shall content ourselves 
with a brief account of it. 

Let the, equation f(x)=0 have one root, and only one root, bet- 


ween the two consecutive integers a anda+1l. Substitute a+ l fot 


xin the proposed equation. The transformed equation in y has one 
positive root. Let this be determined by trial to lie between the 
integers b and b-+-1. Transform the equation in y by the substitution 


japi . The positive root of the equation in z is found by trial 


to lie between c and 'c+1. Continuing this process, an approxima- 
tion to the root is obtained in the form of a continued fraction, as 
follows :— 


Examples 
1. Find in the form of na continued fraction the positive root of the 
equation 
D -22—5=0. 
The root lies between 2 and 3. 


To make the transformation 7=2 + ; + we first employ the process of 
Art, 33 diminishing the roots by 2. We then find the equation whose roots are 
the reciprocals of the roots of the transformed. 
The equation in y is in this way found to bo 
y? —10y*—6y—1=9. 
This has a root between 10 and 11. 


Make now the substitution y=10+ > 
The equation in z is 


6124 —942*— 202 —1 =0. 


, 
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This has a root between l and 2. Take ait P 


The equation in u is 
54u?+ 25u*—89u —61=0, 
Which has a root between 1l and 2; and go on. 
We have, therefore, the following expression for the root :-- 


z=2-4 As 
o 10+ ANE 
+ T+... 
2. Find in the-form of a continued fraction tho positive root or 
«3 —6x—13=0. 
[ ane. 3+- L l 
LY So 


1 
ap com: 
113. Numerical Solution of the Biquadratic.. It is proper, 
before closing the subject of the solution of numerical equations, to 
illustrate the practical uses which may be made of the methods of 
solution of Chap. VI. Although, as before observed, the numerical 
solution of equations is in general best effected by the methods of 
the present chapter, there are certain cases in which it is convenient 
to employ the methods of Chap. VI for the resolution of the biquad- 
ratic, When a biquadratic equation leads to a reducing cubic which 
has a commensurable root, this root can be readily found, and the 
solution of the biquadratic completed. We proceed to solve a-few 
examples of this kind, using Descartes’ mothod (Art. 64), which will 
usually be found the most convenient in practice. 


Examples 
1. Resolve the quartic 
at — 603-4 32+ 227 —6 
«to quadratic factors. 
Making the assumption of Art. 64, we easily obtain 
p+p’=—3, q+4'+4pp’=3, pq’ +p'gll, aq'= =6) 
1 


1 
iio =y -PP = gata}; 
and, calculating and „e equation for 9 is 
« ui, 225 


4p- 4 ?- “3 =0. 
Multiplying the roots by 4, we have, if 4q=t, 
#—111t—450=0. 


By the Motho« of Divisor this is easily found to have a root —6; hence 


pp’ =2, g+q'=—5. . 
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From these, combined with the Proceding equations, we get 

ges, p =], r=, q=-6. 

When the values of g and. g’ are fond, the equation giving the value of 
pq’ +p'q determines which value ofg goes with p; and which with pin the 
quadratic factors. The quartic is resolved, therefore, into the factors, 

(x?— 4a 4-1)(a*—2—6). 
By means of the other two values of p we can resolve the quartic ‘into quadratic 
factors in two other ways; or we can do the) same thing by solving the two 
quadratics already obtained., 
1 woisoatt D 
2, Resolve into factors the quartic í 
_ fv) =x — 8x3 — 1224 60x +463. 
Thé Fe qanhion for pʻis 
Aea Mge Rire 


whicli is found, to anaha S Lti Yo noiis 
AJOT orp) pes [Ans. ETE 21). 

Í joni to ndita) 
; (di Be ly « y mois 


Io iÈ (Ske: piieaihg aii is found tobe © 
ivii i jjB52I 3185 
48 ry tee M] 
ban f sili to noi oi of 2 oF 216 
or multiplying, the, roote:hyst, i abasl coWsips osu 
ot hun „binor ylibaet od cM®-05)t+91B5 0.07 a 


tiran 


Ne wae of baasoig SH bBtioig me iM 
0°) “Pie has a root=7; hence 9= &: 4 läns. f(x) = (8 44042)(78 he —3), 
H } AEST) m f BU I ëk 


Aet AED 
4. stesolve into factors 
Jirj=rt— brt- spas’ a 
The reducing cubic is 


335, 897, 
sedge hot 


bence nis : pau de (Ana. f(c)a(x*—11)(x*-6x42)- 


6. Resolve into factors 
Jejari 803 + 218 — 262414. 
panai f(x) = (222.0 42)(28 624-7). 


6. Resolve into factors ~ 


why 12243. 
3 Land.  (at- 264-346) (24 2/6 + 3—Y/6)- 
7. Find the quadratic, factors of : i 
drt 8r 1224 484z 630, 
and solvo the equation completely (see Ex. 18, p. 26). 
Ana, per a22 VTV Ta 2r(2—V T131) 


CLET 


* 
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Miscellaneous Examples 
1. Find the positive root of 
x3—6xs—13=0. 

3 [Ans. 3176814393. 

2, Find the positive root of 
z3—2r—5=0 
correct to eight or nine places. [Ans. 2094551483. 


3. The equation * 
2x3 — 650-82" + 5a—1627=0 


has a root between 300 and 400 ; find it, [Ans. Commensurable root, 325:4. 
4, Find the root between 20 and 30 of the equation 
4x3 —1802x" + 18962 —457=0. (Ans. 28-52127738. 
5. Find to six places the root between 2 and 3 of the equation 
23 — 49x" + 6582 —1379=0. [Ans. 2-557351, 
6. Find to six places the root between 2 and 3 of the équation 
a4 — 12z24122—3=0. [Ans.. 2-858083. 


7. Find the positive root of the equation 
a3422?—232—70=0 


correct to about ten decimal places. [Ans, 5-13457872528. 
8. Find the cube root of 673373097125. [Ans, 8765. 
9.. Find the fifth root of 537824. [Ans. 14. 
10, Find all the roots of the cubic equation 
#3 —3r4-1=0. 


The equation «+274 1=0, of Ex, 7, p. 81, reduces to this. 
[Ans, —1-87938, 0-34729, 1-53209. 
The smaller positive root gives the solution of the problem. To divide a 
hemisphere whose radius is unity into two equal parts by a plane parallel to the 
base. 
11, Find all the roots of the cubic 
a +2°—22—1—0. 


“(See Ex. 1, p. 81.) [Ans, —1-80194, —0-44504, 124698, 


12. Find to five decimal places the negative root between —1 and 0 (see 
Ex, 3, p: 81) of the equation 
5424 —$x9—32243241=0. fAns. —0-28463. 
13... Solve the equation 
x3—31502— 196842 4 2977260 —0, 

We find that there is a root here between 70 and 80. By, Horner's proe 
cossit is found to be 78, The depressed equation furnishes two roots, which, 
increased by 78, are the remaining roots of the cubic. [Ans. 78, 347, —110. 

14. Find the two real roots of the equation è 
att 1172724 40385=0, (Ans, 345592, 21-43067. 

This equation is given by Mr. G. H. Darwin in a Paper On the Precession 
of a Viscous Spheroid, and on the Remote History of the Earth, Phil. Trans., Part 
ii, 1879, p. 508. The roots are “the two values of the cube root of the earth's 
rotation for which the earth and moon move round as a rigid body.” s 
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15. Find all the roots of the cubic equation: 
20x3— 242? +3=0, 
[Ans. —0-31469, 0-44603, 1-06865. 
This equation occurs in the solution by Professor Ball of a problem of 
Professor Townsend’s in the Educational Times of Dec., 1878, to determine the 
deflection of a beam uniformly loaded and supported at its two ends and pointa 
of trisection. 
16. Find the positive root of equation $ 
liz? +1224—92—10=—0. [Ans. 085906. 
The equations of this and the following example occur in the investiga- 
tion of questions relative to beams supported by props. 
17. Find the positive root of the equation 
Tat4-20234+321—16r—8=0. [dne, 091336. 
18. Find to ten decimal places the positive root of the equation 
w+ 1224-45923 4 150274 2012—207=0. [Ane. 0-6386058033. 
19. Find all the commensurable roots of 
f(x) =25 +224 362° —14929— 2327-336 =0, 
and solve the equation completely. (Ans. f(z)=(2*4+2+43)(2+4)"z—7). 
20. Solve similarly the equation 
f(x) =25— 32x44 11623— 1162*+11502—84=0. 
(Ana, f(x) =(z*+1)(z2—1)(2—3)(2—28). 
21. Find the condition that the quadratic Sturmian remainder of Ex. 3, 
Art. 99, should have its roots imaginary, [Ans. HI+3adJ positive. 
This condition is fulfilled when H and J are both positive (since then I 
must be positive, by the identity of Art. 37). Tt is, therefore, easily inferred that 
the biquadratic has no real roots when H and J are both positive (cf. Ex. 15, p. 
173). 
22, When the biquadratic has two roots equal to æ, prove 


23. If the equation f(x)=0 has all its roots real, prove that the equation 
Sa) f*(n) —[f’(x)}*=0 has all its roots imaginary. 


24. If an equation of any degree, arranged according to powors of x, have’ 


ai consecutive terms in geometric progression, prove that its roots cannot be 
real, 

These three terms must be of the form kz’+kax’-!+katx’-?, Let the 
equation be multiplied by z—a. The resulting equation will have two conso- 
cutive terms absent, and must, therefore, have at lecst two imaginary roots ; but 
all the roots of this equation except « are roots of the giyen equation. 

26. If an equation has four consecutive coefficients in arithmetic pro- 
gression, prove that its roota cannot be all real. 

This can be reduced to the preceding example, Writing down four terms 
of the propor form, and multiplying by z—1, it readily appears that the resulting 
equation has three consecutive terms in géomotric progression. 


26. Calculate the firat two of Sturm’s remainders for a quintic wanting 
the second terms, viz., 


J(z) 225+ a2r* + brt4cr4d=0, ` 
[Ans. R, = —2ax*—3bz*—4ex—5d, 
à R,= Az*+Bz+C, 
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where ; 
A=40ac—12a*—45b!, B=50ad —8a%b—60bo, C = —4a*c—75bd. 
Retaining this notation it is easy to calculate the coefficients D, E of the third 
remainder R,= Dz+Z in terms of a, b, c, d, A, B, ©; and, finally, R, in terms of 
A, B, 0, D, E. 

27. Remove the second term from the general quintic written with 
binomial coefficients, and prove that the leading coefficients of the first two of 
Sturm’s remainders for the resulting equation are , 

=H, —5HI+9a,J. 
28, Calculate the leading coefficients of the first two Sturmian remainders 
for an equation of the nt degree wanting the second term, viz., 
ah 4+axn"-9+4 bas +ca"-44 etc. =0. ` 
No coefficients beyond those here given will enter into the required 
values ; we readily find 
R = —2ax"—* — 3ba"-3 + dex" 4— etc. 
R= —[4(n—2)a8—8nac+9nb*}x"-* + ete. n 

29. Remove tho second term from the general equation of the nt^ degree 
written with binomial coefficients, and prove that the leading coefficients of thè 
first two Sturmian remainders of the resulting equation are 

—H, —nH1+43(n—2)ayJ. 
These expressions are easily derived from the preceding example by aid 
of the transformation of Art. 35 ; the values A,, A,, A, being given by equations 
a,4,=H, a,24,=G, 0,°4,=a,'1—3H%, 
G? being placed by its value from the identity of Art. 37, and positive multipliers 
omitted, 
30. Calculate Sturm’s functions for Euler’s cubic (see Art. 61). 
We find after some reductions, and omitting positive factors, 
S(t) =a + SHa8 + 3(H*— ga") 2— 304, 
f(2)2a?+2H2+ H— yal, 
R,=2Iz+2HI1—3aJ, 
R= 1*—27J*. 
All the conditions of Art. 68, with respect to the nature of the roots of 
the biquadratic, may be derived from theso results, by the aid of Ex. 4, p. 102. 
‘And it will be observed that the conditions for reality of all the roots as given in 
Art, 100, as well as in the Article already referred to, are both obtained here 
together ; for, in order that Euler's cubic should have all its roots real and posi- 
tive, the substitution of 0 for x must give three changes of sign, and this re- 
quires that a*J—12H? and 2HI—3aJ should be both negative. i 


CHAPTER XII 
COMPLEX NUMBERS AND THE COMPLEX VARIABLE 


114. Complex Numbers—Graphic Representation. In 


the foregoing chapters many examples have been met with of the 


occurrence among the solutions of numerical equations of quantities 
of the form a+by/—1, involving the extraction. of the square root of 
a negative number. Such an expression, consisting of a positive or 
-negative real. units, and b positive or negative imaginary units, is 
called a complex number (see Art. 15). The imaginary unit \/—1 
is denoted for brevity by i. Real and purely imaginary numbers are 
both included in the expression a+ ib, the former being obtained 
when 6=0, and the latter, when a=0, Complex mimbers may be 
submitted to all the ordinary rules of arithmetical calculation ; and 
in the result ofany such calculation integral powers of ¢ beyond the 
first can always be reduced by the relation i?— —1. 

We proceed to explain a mode of representing complex numbers 
geometrically, which will be found very convenient in the treatment 
of functions involving quantities of this kind, 

The expression a-}.ib may be written in the form 


#(cos.a-+ia sin a), 
where 


: a b 
ERPI A G2 as in ee 
H yat +b?, cos a GAM Re < 


The quantity w is called the modulus, and the angle a the ampli- 
tude, of the c: mplex number a-+-ib. The modulus is always taken 
‘positively, the negative sign of the radical corresponding to an in- 
crease of the amplitude by =. 

Let rectangular axes OX, OY (Fig. 7) be taken, and a point A 
such that XOA—a, and OA=p. We have then OM = pu, cos «=a, and 
AM= Hsin a=b: The ex- 
pression a--tb may, there- 
fore, be represented gra- 
phically by the right line 
drawn from O to a point 
in a plane whose co-ordi- 
nates referred to the fixed 
axes are a,b; the distance 
OA of this point from the 
origin being equal to the 
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o 


modulus, and the angle XOA equal tothe amplitude of the complex 
number. $ 

The magnitude of a complex quaritity’ is estimated the magni- 
tude of its modulus, “When the complex quantity vanishes (that 
is, when @ and 6 separately’ vanish), its modulus vanishes ; and, 
conversely; when the modulus vanishes, since then a?--l?=0, aand b: 
mustiseparately vanish, and, therefore, the complex quantity itself.. 
Two such quantities, a=- ib and a’4-ib’, are equal when asa" and 
bb’, i.e., when the moduli are equal and when the amplitudes either’ 
are equal or differ by a multiple of 27. ikg 

In what follows we shall, for brevity, represent the modulus: 
and amplitude of a+ ib by the notation : 

mod. (a+ ib), amp. (a+-1b). 

115. Complex Numbers.—Addition and Subtraction, Lot- 
a second complex number a'+ib' be represented by the right line- 
OA‘, 80 that 3 ' 

OA’ —mod, (a! -+ih') XOA! =amp.(a' 4-16’). 

We proceed to determine the mode of representing the»sum) 

atiba Hib. k 

Writing this sum jn the form ata +i(b+b'), we observe, in 
accordance with the convention of Art, 114, that it will be represen- 
ted by the line drawn from the origin to the point whose co-ordinates 
are a+a’,b+0'. To find this point, draw AB parallel and equal to 
OA’: since AP, BP are equal to a’, b', B is the required point, and 
we have : 

OB mod. {a }-a'-+i(b-+b)}, XOB amp. fata ibtd J}. 

To add two complex numbers, therefore, we draw. OA to repre- 
sent one of them ; and, at its extremity, AB to represent the second 
(that is, so that its length is equal to the modulus, and the angle it 
makes with OX equal to the amplitude, of the second) ; then OB re- 
presents the sum of the two complex numbers. 

Since OB jis not greater, than OA+ AB, it follows that the 
moduļus of the sum-of two. complex numbers, às, less, than (or at most 
equal to) the sum oftheir’ moduli. 

This mode of representation may be extended) to: the addition 
of any number of such quantities.’ Jhus, to add a third aib" 
represented by OA", we-draw BO parallel and equal to OA", and join 
OC. Then OC répresents the sum of the three, OA, OA‘, OA" Tt is 
evident also that we may conclude in general that the modulus of the 


o 
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sum. of any number of complex quantities is less than (or at most equal 
to) the sum of their: moduli. 

Subtraction can be represented in a similar way. Since OB 
represents the sum of OA and 04’, OA will represent the difference 
of OB and OA’. To subtract two complex numbers, therefore, we 
draw at the extremity of the line representing the first a line parallel 
and equal to. the second, but in an opposite direction (i.e., a direction 
which makes with OX an angle greater by than the amplitude of 
the second). - We join O to the extremity of this line to find the 
right line which represents the difference of the two given complex 
numbers, 

116. Multiplication and Division. To multiply the two 
complex numbers a-+ib, a'+ib', we write them in the form 

a+ib=p (cos «-+i sin a), a’+-tb’=p’' (cos «+4 sin a’). 
We have then, by De Moivre’s theorem, 

(4+-ib) (a’ +-4b')= wp’ {cos (2 +a’) +i sin (a+a')}, 
which proves that the product of two complex numbers is a complex 
number, whose modulus is the product of the two moduli, and whose 
amplitude is the sum of the two amplitudes. 

In the same way it appears that the product of any number of 
such factors is a complex quantity, whose modulus is the product of 
all the moduli, and whose amplitude is the sum of all the amplitudes. 

To divide a+ ib by a’+-ib’, we have similarly 

a+ib p A ga i 

a+b p’ {cos (a —a \+4 sin (a—a )} 
which proves that the quotient of two complex numbers is a complex 
number, whose modulus is the quotient of the two moduli, and whose 
amplitude is the difference of two amplitudes. 


` It was assumed in the proof of the theorem of Art. 16 that when 


a product of any number of factors (real or imaginary) vanishes, one 
of the factors must vanish. This is evident when the factors are all 
real. From what is above proved the same conclusion holds when 
the factors are complex ; for, in order that the modulus of the pro- 
duct may vanish, one of its factors must vanish, and, therefore, the 
complex quantity of which that factor is the modulus. ə 

117. Other Operations on Complex Numbers. From 
the foregoing propositions it follows that any integral power of a 
complex number, e.g., (a-+-ib)™, can be expressed in the form A+iB, 
where A and Bare real. And, more generally, if in any rational 
integral function R 


M2" + y2"" 1-2-2... +912 Han, 
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whose coefficients are complex (including real) numbers, a complex 
quantity a--ib be substituted for z, the result can be expressed in 
the standard form A-+-iB. 


» Itis not proposed in the present chapter to discuss any func- 
tions of complex numbers beyond the rational integral function 
of the kind hitherto treated in this work. It is easy, however, to 
show, by the aid of De Moivre’s theorem, that the remaining proces- 
ses of numerical caleulation—powers with fractional or complex ex- 
ponents, logarithms, and powers whose base and exponent are both 
complex—reproduce in every case a complex number as result. This 
is expressed by saying that complex numbers form a system or group 
complete in themselves. ; 

118. The Complex Variable. In the earlier chapters of the 
present work the variation of a polynomial was studied ‘correspond- 
ing to the passage of the variable through real values from —oo to 
co; and the mode of representing by a figure the form of the 
polynomial was explained. Such a mode of treatment is only a parti- 
cular case of a more general inquiry. Given a polynomial, rational 
and integral in z, whose coefficients are numbers real or complex, 
res f(z) Sage" +a" Ha"... -Hant En, 
we may study its variations corresponding to the different values 
of z, where z has the complex form #-+ty, and where x and y both 
take all possible real values. This form x-+ty is called the complex 
variable. All possibl> real values of the variable are of course 
included in the values of x--iy, being those values which arise by 
varying x and putting y=0. In accordance with the principles of 
Art. 114 we may represent the. complex variable w-+-iy by the line 


" OP (Fig. 8) drawn from a fixed origin O to the point whose co-ordina- 


tes are x, y. Or we may say, x+ty is represented by the point E 
Thus all possible values of x+iy will 
be represented by all the points 
in a plane. Since, for any particular 
values of z, f(z) takes the form 
A+iB (Art. 117), the values of f(z) 
may be represented in a similar 
manner by points in a plane. We 
confine ourselves in the present 
Article to the representation of the 
variable x-+-iy itself. We conceive the Fig. 8. 

variation of x-+-iy to take place in continuous manner ; for example, 
by the motion of the point x, y, along a curve. If OP and OP’ repre- 

© % 
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sent two consecutive values of the variable, we write the correspond- 
ing values x-+-ty, x’-+-iy' as follows : 

z2=a+ty=r(cos 6+ sin 0), z' =2'+-iy'=r'(cos 6’ 4-7'sin 6’). 

Since OP’ represents the sum of OP and PP’ (Art. 115),'it 
follows that PP’ represents the increment of z ; and if z'=z -h, h 
may be written in the form 

h=p(cos ¢-+4 sin ¢), 
where p= PP’, and d is the angle PP’ makes with OX. 

The variation of the modulus of z is OP’—OP or r’—r; the 
variation of the amplitude of z is P’OP’ or 6'—6; the variation of z 
itself is h or p (cos ġ-+i sin 4), as just explained. 

Let the point be supposed to describe a closed curve. When 
it returns to its original position P, the modulus takes again its 
original value ; and the amplitude takes its original value if the point 
O is exterior to the ourve, or is increased by 2r if O is interior to the 
curve, 

If the complex variable describes the same line in two opposite 
directions, the variations of its.amplitude are equal and of opposite 
signs, į.e., the total variation is nothing. From this we can derive a 
property of the variation of the amplitude of the complex variable, 
which will be found of importance in our succeeding investigations. 

Let a plane area be divided into any number of parts by lines 
BD, AF, EC, etc. (Fig. 9); then the variation of the amplitude relatively 
; to the perimeter of the whole area is 
equal to the sum of its variations 
relatively to the perimeters of the 
partial areas : all the areas being 


variable moving in the same 
sense. This is evident ; for when 
the point is made to describe all 
Fig. 9. the partial areas in the same 
sense, each of the internal divid- 
ing lines will be described twice, the two descriptions being in 
opposite directions ; and the external perimeter will be described 
once ; hence the total variation of the amplitude relatively to the 
dividing lines vanishes ; and the variation relatively to the external 
perimeter alone remains. Take, for example, the areas ABF, AFD 
in the figure. When the point describes "these areas, in the sense 
indicated by the arrows, the total variation relatively to the line AF 
vanishes. 


supposed to be described by the ' 
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119. Continuity of a Function of the Complex Variable. 
Suppose the complex variable z, starting from a fixed value 2), to 
receive a small increment h= (cos ¢+-i sin d) ; we have then, if f (z) 
he the given function, replacing # by z in the expansion of Art. 6, 


LEAL cot Ned Cht ELA Heten 
and the increment of#(z), being equal to f(z) +h) —f(z), i8 
Seah As ht a hatet... 


In this expression the co-efficients of the powers of h are all 
complex expressions of the usual form ; ana if their moduli be a, b,c, 
etc., the moduli of the successive terms are ap, bp”, co%, ete.; and since 
by Art. 115, the modulus of a sum is less than the sum of the moduli, 
if follows that the modulus of the increment of f(z) is less than 

ap-+bp?-+ cp* + ete. 

Now a value may be assigned to p (Art. 5) such that for it or 
any smaller value the value of this expression. will be less than any 
assigned quantity. It follows that to an infinitely small variation 
of the complex variable (viz., one whose modulus is infinitely small) 
corresponds an infinitely small variation of the function ; in other 
words, the function varies continuously at the same time as the complex 
variable itself. 

120. Variation of the Amplitude of f(z) corresponding, to 
the description: of a small Closed Curve by the Complex Vari- 
able. Corresponding to a continuous series of values of z we have a 
continuous series of values of f(z), which can be represented, like the 


+ 


Fig. 10. 
values of z itsélf, by points in a plane. We represent these series of 
points by two figures (Fig. 10) side by side, which, to avoid confusion, 
X 
o 5 W 
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may be supposed to be drawn on different planes. To each point P, 
representing x--iy, corresponds one determinate point P’ represent- 
ing f(z). When P describes a continuous curve, P’ describes also a 
continuous curve ; and when P returns to its original position after 
describing a closed curve, P’ returns also to its original position. 

Our present object is to discuss the variation of the amplitude 
of f(z) corresponding to the description of a sma}l closed curve by P. 
Let A be any determinate point whose co-ordinates are Xo, Yo, t.e., 
%=%y+tyo. We divide the discussion into two cases :— 

(1) When zotiy is not a root of f(z)=0, i.e., when f(z) is 

different from zero. 

(2) When a+ iy is a root of f(z)=0, or f(z)=9. 

(1) In the first case, to the point A corresponds a point A’ re- 
presenting the value of f(z), and O'A’ is different from zero.’ Let 
z=t%9-+h, where h=¢ (cos $+ sin ¢) ; and suppose P, which repre- 
sents z, to describe a small closed curve round A. Let P’ represent 
f(2); then A’P’ represents the increment of f(z) corresponding to the 
increment AP ofz. By the previous Article it appears that values 
so small may be assigned to p, that the modulus of the increment c£ 
f(z), namely A’P’, may be always less than the assigned qnantity 
O' A’ ; hence P may be supposed to describe round A a closed curve 
so small that the corresponding closed curve described by P’ will be 
exterior to 0’. It follows, by Art. 118, that corresponding to the 
description by P of a small closed curve, which does not contain a 
point satisfying the equation j(z)=0, the total variation of the ampli- 
tude of f(z) is nothing. 

(2) In the second case, suppose Totty is a root of the equa- 
tion f(z)=0 repeated m times, and let 

fle) = (e—29)"¥(2) ; 
then 
S(z)=h"y(z) = e™ (cos mg +i sin m¢) ¥ (2). 

In this case O'A’=0 ; and when P describes a closed curve round 
A, P’ returns'to its original position, and the amplitude of f(z) will 
be increased by a multiple of 27, which may be determined as 
follows :—From the above equation we have 

amp. f(z) =męẹ+amp. ¥ (2) ; 
and the increment of amp. f(z) will be obtained by adding the incre- 
ment of mọ to the increment of amp. y(z). Now the latter increment 
is nothing by (1), since the curve described by P may be supposed 


| 


` closed perimeter is nothing. Suppose, in 
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to contain no root of y (z)=0 ; and since the increment of ¢ is 2m in 
one revolution of P, the increment of mọ is 2mm. It follows that 
when P describes a small closed curve containing a root of the equation 
f(z)=0, repeated m times, the amplitude of f(z) is increased by 2mr. 


121. Cauchy’s Theorem. When z describes the same line 
in a plane in two opposite directions, f(z) describes the corresponding 
line in its plane in two opposite directions, and the amp. f(z) under- 
goes equal and opposite variations. It follows that, if any plane area 
be divided into its parts, as in Art. 118, the variation of the amp. 
f(z) corresponding to the description in the same sense by z of all 
the partial areas, is equal to the variation of amp. f(z) corresponding 
to the description by z of the external perimeter only. Now let any 
elosed perimeter in the plane XY be described ; and suppose, in the 
first place, that it contains no point which satisfies the equation 
f(2)=9. It can be broken up into a number of small areas, with 
respect to each of which the conclusions of (1), Art. 120, hold ; and 
by what has been just proved, it follows 
that the variation of amp. f(z) corres- 
ponding to the description by z of the 


the second place, that the closed peri- 
meter contains a point which is a root 
of the equation f(z)=0 repeated m times. 
Let a small closed curve PQRS be des- 
cribed round this point, The variation 
of amp. f(z) corresponding to the descrip- Fig 11. 

tion by z of the whole perimeter, is 

equal to the sum of its variations corresponding to the description 
of the areas ABCPSR, CDARQP, PQRS. The two former variations 
vanish by what is above proved ; and the latter is, by (2), Art. 120, 
equal to 2mz. The total variation, therefore, of f(z) is 2mm. Simi- 
larly, if the area includes additional points which correspond tos roots 
repeated m’, m”, etc., times, the total variation=2(m--m'-+m” + ete.)r. 
Hence we derive the following theorem due to Cauchy :— 


The number of roots of any polynomial, comprised within a given 
plane area, is obtained by dividing by 2x the,total variation of the am- 
plitude of this polynomial corresponding to the complete description by 
the complex variable of the perimeter of the area. 


122. Number of Roots of the General Equation. We 
are enabled by means of the principles established in the preceding 
` . 
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Articles to prove the theorem contained in Arts. 15 and 16 ; namely, 
Every rational and integral equation of the n‘* degree has n roots real or 
imaginary. 
Let x 
S(2) Sag2"+-0,2"-1+-ag2"-*+4....4-4,_,27+4, 
be a rational and integral function of z. Without making any suppo- 
sition as to the existence of roots of f(z)—0’ further than that f(z) 
cannot vanish for any infinite values of the variable, we can suppose 
z to describe in its plane a circle so large that no root exists outside 
of it. If, then, 
Sle) =2" (aHa +a? .... 4-442") 
=2"¢ (2'), where z’ = 4, 


z’, whose modulus is the reciprocal of the modulus of z, will describe 
a small circle containing a portion of the plane corresponding to the 
part outside of the circle described by z ; and no root of ¢(z’)=0 
will be included within this small circle, Hence, corresponding to 


the description of the whole circle by z, the variation of amp. f(z')=0, 
and, therefore, 


variation of amp. f(z)=variation of amp. z" ; 
and if z=ar (cos 0+ sin 6) or z"=r" (cos n6-+-i sin nð), 
6 is increased by 2x, and, thereforel, amp. 2” is increased by 2nm. 


It follows from Cauchy’s theorem, Art. 121, that the number 
of roots comprised within the circle described by z, #.e., the total 
number of roots of the equation f(z)=0, is n ; and the theorem is 
proved. 


The proposition whose proof was deferred in Art. 15 is thus 
shown to be an immediate consequence óf Cauchy’s theorem, which 
may, therefore, be regarded as the fundamental proposition of the 
theory of equations. It is proper to observe, however, that the 
theorem of Art. 15, viz., that every numerical equation has a numeri- 
cal root, can be proved directly, and independently of Cauchy’s 
theorem, by aid-of the principles contained in Art. 119 anal the 
preceding Articles, as we proceed now to show. 


123. Second Proof of Fundamental Theorem. If possible 
let there be no valte of z which makes f(z) vanish ; and let the value 
Zo represented by A, Fig. 10, correspond to the,nearest possible 
position, A’, of P' to the origin 0’. It is proposed to show that such a 
direction may be given to the increment A as to bring P’ into a posi- 

A 
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tion nearer to the origin than A’ We have the following expansion 
(Art. 119) :— 


Jesh) =f) + Cohr EDIE. tah 


By hypothesis f(z») does not vanish ; but one or more of the derived 
functions, f’ (2o), etc., may do so. Let the first of these which does 
not vanish be f,,(29), amd let us suppose 

1 Jld- = Hp (COS Opt SIN Om), 
with corresponding expressions for the coefficients which follow. 
Collecting all the terms which contain powers of A beyond h” into 
one complex expression, we may write 


flea th= fo) + Hmo™(CO8(MP+ em) +4 sin (7 + om) 
: } + p(cos é+ i sin é), 
where, by the proposition of Art. 115, 
B< Bmt?” Hema H Pap" 

It is easily inferred from the theorem of the Art. 5 that such a 
value may be given to p as to make #<#,,0". Now the direction of 
the increment h can be so selected, viz., from the equation Mp +am= 
X'O'A' +r (fig. 10), as to bring P’, in virtue of the second expression 
in the value of f(z% +4), through a distance Hmo” nearer to the origin 
in the direction A'O’. Let S be the point on the line O'A' to which 
P’ is brought in this way. The effect of the last expression in the 
value of f(zp+%) is to move P' from S to a point T at a distance ST 
=p ; and whatever the direction of this movement, i.e., whatever the 
amplitude é, O'T is <O0'A’, since ST <8A'. We have proved, there- 
fore, that A’ is not the nearest possible position of P’ with reference 
to the origin ; and in the same manner it may be shown that no other 
value different from zero can be the least possible value of the 
modulus of f(z). 

In the proof here given it is only shown that the equation must 
have a root, and the precise number of roots is not determined, as it 
is jn the proof derived from Cauchy’s theorem ; but it is proved 
that one root at least must exist, the proof can be éasily completed 
by the method of Art. 16. 

It is important to observe that when f'(%) does not vanish, 
from any particular point zo tho limiting value of the ratio of the 
increment of f(z) to h is the constant f’(%)= #1 (C08 a +¢ sin a). It 
is easily inferred that the two increments are inclined at & constant 
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angle, and their moduli are in a constant ratio, This is usually ex- 


pressed by saying that the figures described by P and P’ are similar 
in their infinitely small parts 


The student is referred to Note C at the end of the volume for 
some further observations on the subject of this Article, 

124. Determination of Com 
tion of the Cubic. 


for if the real and imaginary pa 
to zero, and from the’ 


is and the following Articles to cubic 
real numerical coefficients, and ex- 
e instances in what appears to be the 
simplest form for practical purposes. Let the equation 

f(x) =x 4 px?+ gxrt+r—0 

be proposed for solution. The roots may be assumed to be a, h+k, 
h—k, of which « is real. The character of the remaining roots: will 
appear in the process of calculation ; k being determined from its 
Square, which may turn out to be either positive or negative. No 
preliminary analysis of the equation is necessary. If h +k be substi- 
tuted for x, and the sums of the even and odd powers of & equated 
separately .to zero, as in Ex. 26, p. 124, we find immediately thé 
equation 

—B=f'(h) = 3h 4 2ph+-¢. 

We get also, by the elimination of k, a cubic equation for the 
determination of h: but there will be no occasion to form this 
equation, since h is best got from the relation a+2h=—p, 


*The student desirous of information as to the attempts of mathematicians 
in the direction of the calculation of imaginary roots of numerical equation?’ may 
refer to the following works :—Lagrange’s Traité de la Résolution des Equation: 
numériques; Murphy's Theory of Algebraical Equations; Allgemeine Auflosung der 
Zahlen-Gleichungen, by Simon Spitzer (Wien, 1851); Die Auflosung der hoheren 
numerischen Gleichungen, by P.C. Jelinek (Leipzig, 1865) 3 A method for calculat- 
ing simultaneously all the Roots of an Equation, by Emory M’Clintock (American 
Journal of Mathematics, vol, xvii, Nos. 1 and 2) and Méthode’ pratique pour la 
Résolution numerique complete des Equations algébriques ou transcendantes, by 
M.E. Carvallo (Paria, 1896). 


a having 
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been calculated in the first instance in the usual way by Horner's 
method. j 


It will be necessary finally to calculate k, and with it the 
remaining two roots, whether real or imaginary. For this purpose 
the following mode of procedure will be found convenient :—The 
value of Zf'(«) in terms of coefficients is p?—3q, viz., 

SL (a) ¢f'(h+-k) +S (h—k)= p*—3¢ :; 
also Sh +k) +S Th —k) =2f (h) + 6 ; 
whence immediately, 
f'(«) +4? = p?— 39, 

from which k? can be determined with very little labour, since th: 
numerical value of f'(a) can be written down from the second last co- 
efficient in the final-transformation in the work of Horner’s process 
already completed. The character of the remaining two roots will 
depend on the sign of the number so found ; and the roots themselves 
will be determined by taking the positive square roots of this 
number. 

Examples 

1. Solve the equation 

a? 2x? 232 —70=0. 

First calculate the real positive root, completing four transformations by 
Horner’s method, and obtaining for the final transformed equation the following 
coefficients :— 

1, 17402, 76609868, — 44341896. 

Remembering that the roots have been three times multiplied by 10, we 
find the values of f(«) and f’(«) by cutting off nine figures from the right in the 
former case, and six in the latter, and supplying the decimal point. It is well to 
carry the approximation a couple of steps further by the contracted method, 
and thus got a more accurate value of f(x), We find, in this way, 

f'(x) =76'6286, 
Subtracting this number from p*—3q, which is equal to 73, we find 
4k* = —3-6286, 

Since this is negative, we have proved that the remaining roots are im- 
aginary. From the ascertained value of a, viz., 613457, the value of A is found 
immediately to be —3-5672, and dividing 3:6286 by 4, and taking its square root, 
we have finally the two complex roots of the equation as follows :— 

—3-5672 + 0°96244/ =T. 

2. Solve completely Newton's cubic (see Arf. 107), viz., 

z z? — 2z- ő=0. 

Completing four transformations by Horner, and proceeding as in the 


former example, we find a =2:09455, and 
f'(#)=11-16078 ; 
kt = —1-290195, 
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and the remaining two roots (thus proved imaginary jare found to be 
—1-04727 + 1-135944/ —1. 
3. Find the remaining two roots of the example of Art. 109, p. 187, viz. 
2 42%4+2—100=0, 
We find f’(«)= 64-0841, k*— — 16°52102, and the required roots are 
—2-6322 + 4-0646+/ ZT. 
4. Solve the equation 
2028 24284 3-0. 

Dividing by 20, and applying Horner's process to find the root of the 

equation «+4 1-20*4+15=0 lying between 0 and 1, we find a—0-4460366, and 
f'(«)= —0-47364, We have, therefore, 
Skt p*—3q—f’(a)=1-444-0-47364; 
hence k*=-47841, and the remaining two roots are real. We find h=-37698 ; and 
adding and subtracting k, the other roots are found to be 1-06865 and ,—0-31469 
(ef. Ex. 15, p. 200). 
5. Solve completely Lagrange’s cubic 
x —Te4+7=0. 

Change the signs of all the roots, and calculate the positive root a bet- 
ween 3 and 4 of the transformed equation f(z)=0, thus obtaining «—3-0489173, 
and f’(a)==20-88737 ; hence k*=-0281575, and k=-1678. Also h=—1-524458 ; 
whence the values of h+k and h—k ; and changing the signs of all the roota 
thus found, the roots of the given equation are 

—3-0489, 1-3566, 1-6922. (Cf. Ex. 1, Art. 111) 

The examples given are sufficient to show in what way this 
process may be used to solve a given numerical cubic, without any 
previous examination of the’character of its roots. The amount of 
work required decide in this way whether the two remaining roots 
are real or imaginary is usually very little greater than is required 

in the application of Sturm’s theorem ; and the additional labour 


» 


necessary for the actual determination of the roots is extremely small ‘ 


We proceed now to biquadratie equations, 

125. Solution of the Biquadratic. When a biquadratic 
equation has real roots (two or four), it can be solved in a manner 
analogous to that employed in the preceding Article. In some 
examples the existence of a real root can be at once recognized ; and 
when such is the case, the following process for the complete solution 
of the equation can be used with advantage. Let the propoded 
equation be 

Six) = 24 4- pax +-qa*+ra+s=0, 
and its real roots «a, ; the remaining two roots may be represented 
by h+-k and h—k, no assumption being made as to the, character of 
the latter pair. Let «and 8 be both calculated by Horner’s process, 
and the numerical values of f'(a) and f’(8) determined at the same 


J ‘ 


s > 


. 
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time, as in the preceding Article. Now, if h+k be substituted for 
x in f(x), and the method of solution of Ex. 26, p. 124, employed, 
we find, without difficulty, 
pA) A+ 3p 2hr 
J” (h) 4h+p 
Again, we have, as is easily proved, 
r f(2)-+F'(B)-+S h+k)+f' (h—k)= — p*-+-4pq—8r, 
an 
Ft RAS Ab) =2f (h) +S" (hke, 
whence iminediately 
—4k(4h-+ p) =f (a)--f'(B)-+-p?— 4pq-+8r. 

This formula can be used for the calculation of k*, the value 
of h having been previously ascertained from the equation a+-B-+-2h 
=—p by means of the calculated values of « and 6. The second pair 
of roofs will be real or imaginary according as the resulting value of 
k? is positive or negative. ’ 

Examples 
1. Solve completely the equation 
wt 8294 721024 1=0. 

It is at once apparent that areal root oxists between 0 and 1. There 
must, therefore, be a second, which is found to lie between 1 and 2, By 
Horner's process we find 

a=0-107767, P=1-923262, 
f'(x) = —8-59078, S'(P) =12:09133 
whence we have 
S'(a) +f'(B) 4-p*§—4pq+ 8r = — 1949945. 
Also, from the values of x, B and p, h=0°484485, and 4h+p= —1-06206 ; 


therefore, 
. 19-49945 


av is now proved that the remaining two roots are imaginary and their 
values can be ascertained by calculating k from this formula, Logarithmic 
Tables will assist in the calculation, The roots are found to be 
0-4845 + 2-14244/ =T. 
2. Solve completely the equation of Ex. 2, Art. 110, viz., 


e xi —1224+-7= 0, 
We find 
a= 059368, f=2-04727 
Sf’ (a) = — 11/1635, J'(8)=22-4180 ; 
whence the pair of imaginary roots 
‘ —3-32048 + 2-00394/ —1. 


3. Solve the equation 
2Qxt—) 322410219 =0. 
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There muet be two real roots : one (a) positive, and the other (B) nega- 
tive. Divide by 2, and write the equation as follows :— 
flx)=2t -652° 45r—9 5=0. 
When is calculated in the usual way by first changing the signs of 
the roots of f(z)=0, it ie to be observed that, in order to got the value of f’(8), 
we must change the signs of the second last coefficient supplied hy tho final 
transformation in Horner’s process. We find 


a= 2-45733, B= —3-03055, 
S'(a) = 32-409, S'(B) = — 66-936 ; 
wher o3 
5:473 
— Gh a meea 
= 1-1464’ 


and the imaginary roots 
0:2866 + 1-09244/ —1. 
4. Solve the equation z 
at — 8023 4- 1998x? — 1493724 5000=0. 

There is clearly a real root between 0 and 1, and a second is easily seen 

to lie between 12 and 13 (see Ex. 4, Art, 93). We find 

a=0-25098, G=12-75644, 

S' (x)= —13564, J'(B)=5286:7 ; 
whence 
4133. 

~53°785- 
The remaining two roots, therefore, are real, and are easily found to be 32-0602 
and 34-8322. 

All the roots of this equation have been calculated by Horner's method 
by Young (Analysts and Solution of Cubic and Biquadratic Equations, pp. 216 — 
221). Our last two roots agree, to the number of places here given, with the 
values arrived at by him. 

126. Solution of Biquadratic continued. When the roots 
of a biquadratic equation are all imaginary, the modt of solution of 
the preceding Article of course fails. In this case, and in general, 
whatever be the nature of the roots, the following method may be 
used :—Let the equation, first deprived of its second term, be written 
in the form 


4k? 


f(a) =xrt gr rr+s=0. 
~ The roots of this may be assumed to be h+k, —hs:k’, no 
assumption being made as to their character, which will depend on 
the signs of k? and k’? when calculated. Substituting h+-k for x, and 
proceeding as before, we find 
pn SO LA ght 
fh) 4h 


whence 


4H =4h+ 2945-5 


_ a 
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from which k can be found when h is known. When k is eliminated 
between the two equations of Ex. 26, p. 124 ; the sextic in h reduces 
to the cubic 

. y+2qy*+(g*- 48)y— 1° =0, 

of which 4h? is a root. This cubic must have one positive root : the 
remaining two may be both positive, both negative, or both imagi- 
nary, according to the nature of the roots of the given biquadratic. 
The equation is, in fact, Euler’s reducing cubic (with roots multiplied 
by 4) for the biquadratic under consideration (see Ex. 4, p. 102). 
Let the positive root, of the cubic be calculated by Horner’s process 
(if the three are positive, any one of them will do). Thus 4h? is deter- 
mined, and from it k; and the full solution of the proposed biquad- 
ratic equation is given by the two formulae 


h RS S a iae L eres N 
atat 5 1—ht 4 2 +2q j 
Examples 

1, Give the complete solution of the equation 

xt42410=0. 

This equation is used by Murphy (Theory of Equations, p. 125) to illust- 
rate his proposed method of determining the imaginary roots of equations by 
means of recurring series. We find readily the reducing cubic 

y?—40y—1=0, 
and, by Horner’s process, the positive root 6:3370184 ; hence tho value of h*, and 


from it h=+1-25386. We find then K = 40:7945, according as the positive 


In either case the quantity "nder the square. root 


or negative sign of h is used. 
all imaginary, They are easily found 


is negative. and the roots are, therefore, 
to be 
s 1:2586 + 1-3352 V —1, —1:2586 41-1771 —1. 
2. Solve the equation 
at +492*—62+5=0, 
This example is treated by Spitzer (Allgemeine Auflosung der Zahlen- 
Gleichungen p. 15}. The reducing cubic is 
y?+ 18y*?+6ly—36=0, 
whose positive root is found to be 051094249 ; hence h= +0-35740. The numeri- 
cal yalue of r divided by his found to be 16:7878 ; and whether h be taken with 
positive or negative sign, tho quantity under the square root is negative, and, 
therefore, all the roots imaginary, The four roots are— 
0:3574 4 0-6563 —1, —0:3874429700/ —1.  @ 
3. Solve the equation 
at —223— Ta? +102 +4+10=0. 
To remove the second term, multiply the roots by 2, and then diminish 
roots by 1. The reducing cubic of the transformed equation is easily found to be 
y?—68y?+4320y—256=0, r 
= 
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Divide the roots of this by 10 and find immediately that the transformed 
equation has a root between 6 and 7, whichis found by Horner's process to be 
629838. Hence 4h2=62-9838, and h= +3-968, Whether h is taken positively 
or negatively, it is found that the quantity under the square root is a positive 
number, and, therefore, all the roots are real in this case, We find 4k?—9-04840,. 
4k’* —0-98400 ; hence k= +1504, k’= +0-496 ; whence, taking account of the two 
transformations which were made in removing the second term, we have the 
four roots ag follows :— 

2:732, 2-236, —0°732, 2-236, 

Tho results, in this instance, can be readily verified, for it is easily seen 
that the given function is the prodct of the factors x*—5 and 2% 2x—2 (com- 
pare also Ex, 5, p. 169). 

4. Solve the equation 

aA—T7234 72? —T2+7=0. 

This example is discussed by Jelinek (Die Auflosung der hoheren numeri- 
„schen Gleichungen, p. 29), To remove the second term, multiply the roots by 4, 
and then diminish by 7, We find in this way > 

at — 1822? 1624x — 3059-0, 
whose reducing cubic is 
y? — 364y* 4 45360y—.2637376—0. 

To find the situation of the positive roots, it is well to divide the roots 
by 100, when it readily appears that the transformed equation has a root 
between 2 and 3. By Horner’s process it is found to be 20591 ; whence 4h? 
.=205:91, and h=-+7:17. When his taken positively, the quantity under the 
square root is found to be positive ; hence two real roots : and when it is taken 
negatively, the quantity under the square root is negative and gives a pair of 
imaginary roots. Taking account of the two transformations employed to 
remove the second term, we find the four roots of the proposed equation as 
follows : - 

5993, 1-091, —0:042 + 1-0334/ —1, 

5. Solve the equation 

2 — 8024 + 19982:*— 14937x -4-5000 =0. 

This is Young's equation, already solved in the preceding Article. We 
repeat its solution here by the method of the present Article, in order that the 
student may have an opportunity of comparing the amount of labour required 
in the two methods, When the second term ir easily removed (as is the case 
in the present instance), or when the second term is already absent in an equa- 
tion, it will usually be fourid that the method of the present Article is the ore 
expeditious of the two. Diminishing the roots by twenty, we find 

at — 4024 4 9832 4.25460 —0, 
whose reducing cubic is > 
y*—804y*-+-59764y —966289=0. 

We get, by Horner's process, 4h*-—723-21038, and, thorefore, h= + 13-4462, 
The quantity under the square root is found to be positive whichever sign of h 
is taken, and for the four roots wo have the two formulae 

—h + V/38-47390, h+ v 192090; y 
hence, adding 20 to each root, we have the four roots of the proposed equation 
as follows ;— 


12-7565, ©3511, 348321, 32-0603. 


ra 
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6. Solve completely the eqvation of Ex. 4, p. 133, viz, 

a4 — 3x24 752 —10000=0. 

The roots are 

9-8860, — 10-2609,  0-18748 + 9927y —1. 
E, 7. Solve completely the equation Ex. 2, p. 168 viz., 
xt — 429 —32423=0. 
The roots are 
3-7853, „2:0526,  —-0-9189 4 1-4545 —1. 
8. Solve the equation of Ex. 4, p. 173, viz., 
xt +3a8—2t— 3x4 11=0, 

Multiply the roots by 4, and remove the second term. When Horner's 
method is applied to the reducing cubic, it is found that the. latter equation 
has a commensurable root=180 ; hence h=3-V'5. ‘The solution is easily complet- 
ed, and the four imaginary roots expressed as follows :— 

: 1 Pan 3 3 1 ats 
4 ta V54 g V—-2V5, — y- gv av -10+2vy5, 
%9, Find the imaginary roots of equation of Ex. 14, p. 199 viz., 
a4*— 1172744 40385=0. 
[Ans, —12-4433419-7596V =l. 
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NOTE A 
ALGEBRAIC SOLUTION OF EQUATIONS 


The solution of the quacratic equation.was known to the 
Arabians, and is found in the works of Mohammed Ben Musa and 
other writers published in the ninth century. In a treatise on Algebra 
by Omar Alkhayyami, which belongs probably to the middle of the 
eleventh century, is found a classification of cubic equation, with 
methods of geometrical construction, but no attempt at a general 
solution. The study of Algebra was introduced into Italy from tha 
Arabian writers by Leonardo of Pisa early in the thirteenth century ; 
and for a long period the Italians were the chief cultivators of the 
science. A work styled L’ Arte Maggiore, by Lucas Paciolus (known 
as Lucas de Burgo), was published in 1494. This writer adopts the 
Arabic classification of cubic equations, and pronounces their solu- 
tion to be as impossible in the existing state of the science as the 
quadrature of the circle. At the same time he signalizes this solu- 
tion as the problem to which the attention of mathematicians should 
be next directed in the development of the science. The -olution of 
the equation 2*+mz—n was effected by Scipio Ferreo ; but nothing 
more is known of his discovery than that he imparted it to his pupil 
Florido in the year 1505. The attention of Tartaglia was directed 
to the problem in the year 1530, in consequence of a quostion pro- 
posed to him by Colla, whose solution depended on that of a eubie 
of the form 23+. px%=q. Florido, learning that Tartaglia had ob- 
tained a solution of this equation, proclaimed his own knowledge of 
the solution of the form *+-ma=n. Tartaglia, doubting the tru, 
of his statement, challenged him to a disputation in the year 1535, 
and in the meantime himself discovered the solution of Ferreo’s forra 
@+-m-=n. This solution depends on assuming for x an expression 
Vt—~ Vu, consisting of the difference of radicals ; and, in fact, 
constitutes the solution usually known as Cardan’s. Tartaglia. conti- 
nued his labours, and discovered rules for the solution of the various 
forms of cubics included under the classification of the Afabic writers. 
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Cardan, anxious to obtain a knowledge of these rules, applied to 
Tartaglia in the year 1539, but without success. After many solicita- 
tions Tartaglia imparted to him a knowledge of these rules, receiv- 
ing from him, however, the most solemn and sacred promises of 
secrecy. Regardless of his promises, Cardan published in 1545 
Tartaglia’s rules in his great work styled Ars Magna. It had been 
the intention of Tagtaglia to publish his rules in a work of his own. 
He commenced. the publication of this work in 1556, but died in 
1559, before he had reached the consideration of cubic equations. 
As his work, therefore, contained no mention of his own rules, these 
rules came in process of time to be regarded as the discovery of 
Cardan, and to be called by his name. 

The solution of equations of the fourth degree was the next 
problem to engage the attention of Algebraists ; and here, as well as 
in the case of the cubic, the impulse was given by Colla, who propos- 
ed to the learned the solution of the equation att 62?436—60r. 
Cardan appears to have made attempts to obtain a formula for 
equations of this kind ; but the discovery was reserved for his pupil 
Ferrari. The method employed by Ferrari was a transformation of 
such a nature as to make both sides of the equation perfect squares, 
a new unknown quantity being introduced which is itself determined 
by an equation of the third degree. It is, in fact, virtually the method 
of Art. 63. This solution is sometimes ascribed to Bombelli, who 
published it in his treatise on Algebra in 1579. The solution known 
as Simpson’s, which was published much later (about 1740), is in no 
respect essentially different from that of Ferrari. In the year 1637 
appeared Descartes’ treatise, containing many improvements in 
algebraical science, the chief of which are his recognition of the nega- 
tive and imaginary roots of equations, and his “Rule of Signs.” His 
expression of the biquadratic as the product of two quadratic factors, 
although deducible immediately from Ferrari’s form, was an impor- 
tant contribution to the study of this quantic. Euler’s Algebra was 
published in 1770. His solution of the biquadratic (see Art. 61) is 
important, inasmuch as it brings the treatment of this form into 
hatmony with that of the cubie by means of the assumed irrational 
form of the root. The methods of Descartes and Euler were the 
result of attempts made to obtain a gerferal algebraic solution of 
equations. Throughout the eighteenth century many mathematicians 
oceupied themselves with this problem ; but their iabours were un- 
successful in the case of equations of a degree higher than the 


fourth. 
Se 
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In the solutions of the cubic and biquadratic obtained by the 
older analysts we observe two distinct methods in operation ; the 
first, illustrated by the assumptions of Tartaglia and Euler, proceed- 
ing from an assumed explicit irrational form of the root ; the other, 
seeking by the aid of a transformation of the given, function to change 
its factorial character, so as to reduce it to a form readily resolvable. 
In Art. 55 these two methods are illustrated’; sogether with a third, 
the conception of which is to be traced to Vandermonde and 
Lagrange, who published their researches about the same time, in the 
years 1770 and 1771. The former of these writers was the first to 
indicate clearly the necessary character of an algebraical solution 
of any equation, viz., that it must, by the combination of radical 
signs involved in it; represent.any root indifferently when the sym- 
metric functions of the foots are substituted for the functions of the 
coefficients involved in the formula (see Art. 101). His attempts to 
construct formulae of this character were successful in the case of 
the cubic and biquadratic, but failed in the case of the quintic. 
Lagrange undertook a review of the labours of his predecessors in 
the direction of the general solution of equations, and traced all their 
results to one uniform principle. This principle consists in reducing 
the solution of the given equation to that of an equation of lower 
degree, whose roots are linear functions of the roots of the given 
equation and of the roots of unity. He shows also that the reduc- 
tion of a quintic cannot be effected in this way, the equation on 
which its solution depends being of the sixth degree. 

All attempts at the solution of equations of the fifth degree 
having failed, it was natural that mathematicians should inquire 
whether any such solution was possible at all. Demonstrations have 
been given by Abel and Wantzel (see Serret’s Cours d’ Algebre Supé- 
rieure, Art. 516) of the impossibility of resolving algebraically equa- 
tions unrestricted in form, of a degree higher than the fourth. A 
transcendental solution, however, of the quintic has been given by 
M. Hermite, in a form involving elliptic integrals. Among other 
contributions to the discussion of the quintic since the researches of 
Lagrange, one of loading importance is its expression in a trinorhial 
form by means of the Tschirnhausen transformation. Tschirnhausen 
himself had succeeded in the year 1683, by means of the assumption 
y=P+Qxr+-2%, in the reduction of the cubice and quartic, and had 
imagined that a similar process might be applied to the general equa- 
tion. The reduction of the quintic to the trinomial form was published 
by Mr. Jerrard in his Mathematical Researches, 1832-1835, and has 
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been pronounced by M. Hermite to be the most important advance 
in the discussion: of this quantic since Abel’s demonstration of the 
impossibility of its solution by radicals. In a Paper published by the 
*Rev. Robert Harley in the Quarterly Journal of Mathematics, vol. vi., 
p. 38, it is shown that this reduction had been previously effected, in 
1786, by a Swedish mathematician named Bring. Of equal impor- 
tance to Bring’s redaction is Dr. Sylvester's transformation, by means 
of which the quintic is expressed as the sum of three fifth powers—a 
form. which gives great facility to the treatment of this quantic. 
Other contributions which have been made in recent years towards 
the discussion of quantics of the fifth and higher degrees have 
reference chiefly to the invariants and covariants of these forms. For 
an account of these researches, additional to what will be found in 
the second volume of this work, the student is referred to Clebsch’s 
Theorie der binaren algebraischen Formen, and to Salmon’s Lessons 
Introductory to the Modern Higher Algebra. 


NOTE B 
SOLUTION OF NUMERICAL EQUATIONS 


The first attempt at a general solution by approximation of 
numerical equations was published in the year 1600, by Vieta. Cardan 
had proviously applied the rule of “false position” (called by him 
“regula aurea’’) to the cubic ; but the results obtained by this method 
were of little value. Jt occurred to Vieta that a particular numerical 
root of a given equation might be obtained by a process analogous 
to the ordinary processes of extraction of square and cube roots ; and 
he inquired in whet way these known processes should be modified in 
order to afford a root of an equation whose co-efficients are given 
numbers. Taking the equation f(x)=Q, where Q is a given number, 
and f(x) a polynomial containing different powers of x, with 
numerical co-efficients, Vieta showed that, by substituting in f(x) a 
known approximate value of the root, another figure of the root 
(expressed as a decimal) might be obtained by division. When this 
value was cbtained, a repetition of the process furnished the 
next figure of the root; and so on. It will be observed that 
the principle of this method is identical with the main principle 
involved in the methods of approximation of Newton and Horner 
(Arts. 107, 108). All that has been added since Vieta’s time to this 
mode of solution of numerical equations is the arrangement of 
the calculation so as to afford facility and security in the proccss of 
evolution of the root. How great has been the improvement in this 
respect may bo judged of by an observation in Montucla’s Histoire 
des Mathématiques, vol. i, p. 603, where, speaking of Vieta’s mode of 
approximation, the author regards the calculation (performed by 
Wallis) of the root of a biquadratic to eleven decimal places as 
a work of the most extravagant labour. The same calculation can 
now be conducted with great ease by anyone who has mastered 
Horner’s process explained in the text. 

Newton’s method of approximation was published in 1669 ; hut 
before this period the method of Vieta had been employed and sim- 
plified by Harriot, Oughtred, Pell, «nd others. After the period of 
Newton, Simpson and the Bernoullis occupied themselves with the 
same problem. Daniel Bernoulli expressed a root of an equation in 
the form of a recurring series, and a similar expression was given by 
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Euler; but both these methods of solution have been shown by 
Lagrange to be in no respect essentially different from Newton’s 
solution (Traité de la Résolution des Equations numériques). Up to 
the period of Lagrange, therefore, there was in existence only 
one distinct method of approximation to the root of a numerical 
equation ; and this method, as finally perfected by Horner in 
1819, remains at the present time the best practical method yet dis- 
covered for this purpose. 

Lagrange, in the work above referred to, pointed out the defects 
in the methods of Vieta and Newton. With reference to the former 
he observed that it required too many trials ; and that it could not 
be depended on, except when all the terms on the left-hand side of 
the equation f(z)=Q were positive. As defects in Newton’s method 
he signalized—first, its failure to give a commensurable root in finite 
terms ; secondly, the insecurity of the process which leaves doubtful 
the exactness of each fresh correction ; and lastly, the failure of the 
method in the case of an equation with roots nearly equal. The 
problem Lagrange proposed to himself was the following : —“Etant 
donnée une équation numérique sans aucune notion préalable de la 
grandeur ni de l’espece de ses racines, trouver la valeur numérique 
exacte, s’il est possible, ou aussi approchée qu’on vondra de chacune 
de ses racines.” 

Before giving an account of his attempted solution of this pro- 
blem, it is necessary to review what had been already done in this 
direction, in addition to the methods of approximation above describ- 
ed. Harriot discovered in 1631 the composition of an equation as a 
product of factors, and the relations between the roots and co- 
efficients. Vieta had already observed this relation in the case of a 
cubic; but he failed to draw the conclusion in its generality, 
as Harriot did. This discovery was important, for it led to the 
observation that any integer root must be a factor of the absolute 
term of an equation; and Newton’s Method of Divisors for the 
determination of such roots was a natural result. Attention. was 
next directed towards finding limits of the roots, in order to diminish 
the ‘labour necessary in applying the method of divisors as well as 
the methods of approximation previously in existence. Descartes, as 
already remarked, was the first to recognise the negative and imagi- 
nary roots of equations ; and the inquiry commenced by him as to 
the determination of the number of real and of imaginary roots 
of any given equation was continued by Newton, Stirling, De Gua, 


and others. N 
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Lagrange observed that, in order to arrive at a solution of the 
problem above stated, it was first necessary to determine the number 
of the real roots of the given equation, and to separate them one from 
another. For this purpose he proposed to employ the equation whose 
roots are the squares of the differences of the roots of the given 
equation. Waring had previously, in 1762, indicated this method of 
separating the roots ; but Lagrange observes (Zquations numériques, 
Note iii) that he was not aware of Waring’s researchés when he 
composed of his own memoir on this subject. It is evident that when 
the equation of differences-is formed, it is possible, by finding an 
inferior limit to its positive roots, to obtain a number less than the 
least difference of the real roots of the given equation. By substi- 
tuting in- succession numbers differing by this quantity, the real roots 
of the given equation will be separated. When the roots are sepa- 
rated in this way, Lagrange proposed to determine each of thein by 
the method of continued fractions, explained in the text (Art. 112). 
This mode of obtaining the roots escapes the objections above stated 
to Newton's method, inasmuch as the amount of error in each 
successive approximation is known ; and when the root is commensu- 
rable, the process ceases of itself, and the root is given in a finite 
form. Lagrange gave methods also of obtaining the imaginary roots 
of equations, and observed that if the equation had equal roots, 
they could be obtained in the first instance by methods already in 
existence, 

Theoretically, therefore, Lagrange’s solution of the problem 
which he proposed to himself is perfect. As a practical method, how- 
ever, it is almost useless. The formation of the equation of differ- 
ences for equations of even the fourth degree is very laborious, and » 
for equations of higher degrees becomes well-nigh impracticable. 
Even if the more convenient modes of separating the roots discover- 
ed since Lagrange’s time be taken in conjunction with the rest of his 
process, still this process is open to the objection that it gives 
the root in the form of a continued fraction, and that the labour 
of obtaining it in this form is greater than the corresponding labour 
of obtaining it by Horner's process in the form of a decimal. It will 
be observed also that the latter process, in the perfected form to 
which Horner has brought it, is free from all the objections to 
Newton’s method above stated. 

Since the period of Lagrange, the most important contribu- 
tions to the analysis of numerical equations, in addition to Horner's 
improvement of the methods of approximation of Vieta and Newton, 
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are those of Fourier, Budan, and Sturm. The researches of Budan 
were published in 1807 ; and those of Fourier in 1831, after his death. 
There is no doubt, however, that Fourier had discovered before the 
publication of Budan’s work the theorem which is ascribed to them 
conjointly in the text. The researches of Sturm were published in 
1835. The methods of separation of the roots proposed by these 
writers are fully explained in Chapter X. By a combination of 
these methods with that of Horner, we have now a solution of 
Lagrange’s problem far simpler than that proposed by Lagrange 
himself. And it appears impossible to reach much greater simplicity 
in this direction. In extracting a root of an equation, just as in 
extracting an ordinary square or cube root, labour cannot be avoided ; 
and Horner’s process appears to reduce this labour to a minimum. 
The separation of the roots also, especially when two or more are 
nearly equal, must remain a work of more or less labour. This 
labour may admit of some reduction by the consideration of the func- 
tions of the coefficients which play so important a part in the theory 
of the different quanties. If, for example, the functions H, I and J, 
are calculated for a given quartic, it will be possible at once to tell 
the character of the roots (see Art. 68). Mathematicians may also 
invent in process of time some mode of calculation applicable to 
numerical equations analogous to the logarithmic calculation of 
simple roots. But at the present time the most perfect solution of 
Lagrange’s problem is to be sought in a combination of the methods 
of Sturm and Horner. 

All that has been said applies only to the real roots of numeri- 
cal equations. We have referred, in a foot-note on p. 212, to the 
chief works in which attempts have been made to give general 
methods of calculation of the imaginary or complex roots ; and in 
Arts. 124, 125, we have shown how these roots may be calculated 
most expeditiously in the case of equations of the third and fourth 
degrees with real numerical coefficients, 


NOTE C 
THE PROPOSITION THAT EVERY EQUATION HAS A ROOT 


Tt is important to have a clear conception of what is proyed, 
and what it is possible to prove, in connexion, with the proposition 
discussed in Arts. 122, 123. If in the equation 

Agr" --a,2"-1+-...+-a,=0 

the coefficients ay, G, ..., @, are used as mere algebraical symbols 
without any restriction—that is to say, if they are not restricted to 
denote either real numbers or complex numbers of the form treated 
in Chapter XII—then, with reference to such an equation it is nob 
proved, and there exists no proof, that every equation has a root. 
The proposition which is capable of proof is that, in the case of any 
rational integral equation of the n‘* degree, whose coefficients are all 
complex (including real) numbers, there exist n complex numbers 
which satisfy this equation ; so that, using the terms number and 
numerical in the wide sense of Chapter XII, the proposition under 
consideration might be more accurately stated in the form —Hvery 
numerical equation of the n‘* degree has n numerical roots. 

As regards this proposition, there appears little doubt that the 
most direct and scientific proof is one founded on the treatment of 
imaginary expressions or complex numbers of the kind considered in 
Chapter XII. The finst idea of the representation of complex numbers 
by points in a plane is due to Argand, who in 1806 published anony- 
mously in Paris a work entitled Essai sur une mahiére de representer- 
les quantités imaginaires dans les constructions géométriques. This 
writer some years later gave an account of his researches in Gergonne’s 
Annales. Notwithstanding the publicity thus given by Argand to his 
new methods, they attracted but little notice, and appear to have 
been discovered independently several years later by Warren in Eng- 
land and Mourey in France. These ideas were developed by Gauss 
in his works published in 1831 ; and by Cauchy, who applied them to 
the proof of the important theorem of Art. 121. With reference to 
the proposition now under discussion, the proof which we have given 
in Art. 123 isa modification of a proof found in Argand’s original 
memoir, and reproduced by Cauchy in his Exercices d’ Analyse. A 
proofin many respects similar was given by Mourey. . 
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Before the discovery of the geometrical treatment of complex 
numbers, several mathematicians occupied themselves with the prob- 
lem of the nature of the roots of equations. An account of their 
researches is given by Lagrange in Note IX of his Equations nume'- 
riques. The inquiries of these investigators, among whom we may 
mention D'Alembert, Descartes, Euler, Foncenex, and Laplace, re- 
ferred only to equations with rational coefficients ; and the object in 
view was, assuming th existence of factors of the form z—a, x—8, 
etc., to show that the roots «, 8, etc., were all either real or imaginary 
quantities of the type a+-b,/—1; in other words, that the solution 
of an equation with real numerical coefficients cannot give rise to an 

: imaginary root of any form except the known form a+b/ —i, in 
which a and b are real quantities. For the proof of this proposition, 
the method employed in general was to show that, in case of an equa- 
tion whose degree contained 2 in any power k, the possibility of its 
having a real quadratic factor might be made to depend on the solu- 
tion of an equation whose degree contained 2 in the power k—1 only, 
and by this process to reduce the problem finally to depend on the 
known principle that every equation of odd degreo with real coeffi- 
cients has a real root. Lagrange’s own investigations on this subject, 
given in Note X of the work above referred to, related, like those of 
his predecessors, to equations with rational coefficients, and are 
founded ultimately on the same principle of the existence of a real 
root in an equation of odd degree with real coefficients. 

As resting on the same basis, viz., the existence of a real root in 
ari equation of odd degree, may be noticed two recently published 
methods of considering this problem—one hy the late Professor 

«Clifford (see his Mathematical Papers p. 20, and Cambridge Philoso- 
phical Society’s Proceedings, II, 1876), and the other by Mr. Malet 
(Transactions of the Royal Irish Academy, vol. xxvi, p. 453, 1878). 

G Starting with an equation of the 2m‘* degree, both writers employ 
Sylvester’s dialytic method of elimination to obtain an equation of 
the degree m(2m—1) on whose solution the existence of a root of the 
proposed equation is shown to depend; and since the number 

m@m—1) contains the factor 2 once less often than tho number 2m, 
| the problem is reduced ultimately to depend, as in tho methods 
above mentioned, on the existence of a poot in an equation of odd 

. degree. The two equations between which the elimination is supposed 


to be offected are of the degrees m and m—1 ; and the only difference 
between the tivo modes of proof consists in the manner of arriving at 
these equations, In Mr. Malet’s methods they are found by means of 
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a'simple transformation of the proposed equation ; while Professor 
Clifford obtains them by equating to zero the coefficients of the 
remainder when the given polynomial is divided by a real quadratie 
factor. The general forms of these coefficients will be found among 
the Miscellaneous Examples appended to the Chapter on Determi: 
nants in the second volume of this work ; and it will be readily 
observed that the elimination of B from the equations so obtained 


will furnish an equation in « of the degree m(2m—1). (See Ex. 38, 
p. 34. vol. IT.) 
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